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A. Nature ancl Imp.ortance of the Problem 
. Today, public opinion and with it public demand for pollution 
abatement has evolved to the point that the gross misuse of our water 
resources can.no longer be tolerated. The magnitude of the concern is 
manifested in the number of state and federal la.ws which have been 
enact.ed in recent years to control water pollution. While there have 
been a number of regulations.enacted at the various levels of govern-
. ,_., .. :··:: -:.·· : _·_.. ·_._ :::- -.. ,: . . ,· . . . . . . 
ment, the most important pieceof legislation is the Water Quality Act 
of 1965 (P. L. 234,89th Congress). The stated objective of this act is 
"to enhance the quality and value of water resources and to estahl i sh a 
. . 
national policy for the prevention, control, and abatement of water 
pollution." This act represents a major change in the scope of water 
pollution abatement from that of protecting the public health to that of 
. . . . 
maintaining our water resoµrces suitable for many other beneficial uses, 
such as protection of aquatic 1 i fe and recreation. · 
Some segments of our society are dissatisfied with the progress 
which has been made in pollution abatement, and advocate the .establish-
ment of standards providing for the return of our streams to their 
natural purity. While it is not possible or even desirable to require 
that the streams be returned to the pristine p1,1rity existing when the 
l 
2 
Indians roamed the land,the failure of the bioenvironmental engineer to 
develop and put into.use sound scientific practices for the control of· 
po 11 u Uon wi 11, in the opinion of the writer·, lead to the enactment of 
excessive pollution abatement legislation . 
. Fortunately, streams have the facility to dilute and assimilate 
limited quantities of organic material.· Thus,. wlth the use of sound 
methods of analysis, a balance c;:an be achieved, permitting a maximum 
utilization of a stream without creating any deleterious effects. In 
fact the addition of organic material to a stream can enhance the stream 
productivity and contribute to its overall utility. 
Generally the biological, chemical, and physical manifestations 
associated with pollution are the result of exceeding the oxygen assets. 
of the stream .. · Thus the undesirable features which are associated with 
. . . 
a polluted stream, such as the disappearanc~ of the clean water flora 
and fauna, discolorations, floating solids, gas. bubbles, etc., are 
brought about by failure to maintain a satisfactory level of dissolved 
oxygen in the water. Hence the oxygen bal a nee is usually the critical 
or limiting stream c:;haracteristic with regard to the degree of degrada-
tion, and when the oxygen liabilities exceed the assets, the stream is 
said to be polluted. 
The classical approach to the analysis of the oxygen balance in a 
stream is that reported by Streeter and Phelps in 1925 (1). This work 
is predicated on the occurrence of two natural phenomena, deaeration and 
reaeration. The rate of oxygen utilization· (deaeration). results from 
the addition of organic. matter to a body. of wate.r. Based on studies of 
Ohio River water and sewage, it was found that the rate of oxygen uptake 
very closely followed, and could be defined by the monomolecular law, 
which is given by 
dl 
"" dt = K1L (l) 
where Lis the amount (in mg/1) of organic material remaining, tis 
time, and K1 is the deoxygenation rate constant~ · The integration of · 
this equation gives 
ln (it)= -K11; (b&se e) (2) 
or log (LtJL) = - OA~43K1t = - k1t (base 10)(3) 
. . . . . 
where k1 is the rate constant for use with logarithms to the base 10. 
. ·. ·, 
The rate of replenishment of -the oxygen supply (reaerationJ was 
. . . ' . 
found to be defined by Henry's Law, which in effect states that the 
'· . . 
rate is proportional to the driving force. For reaeration, the driving 
force is the oxygen deficit (02 solubi 1 i ty - o2 content) .. Thus the 
rate. of reaerati.on is giyen by 
(4) 
.where D is the oxygeJkdefi cit, t is time, arid K2 is the reaera ti on rate 
constant. Upon integration, the following equation is obtained: 
I Dt/1· 
. ln \ lf = - K2 t (5) 
or log (D/D) = - 04343K2t = - k2t (6) 
Upon the addition of organic matter to a stream the two reactions, 
deoxygenation and reaeration, tend to counterbalance each other, and 
the rate of change in the oxygen balance is determined by the sum of 
the two reactions. 
(7) 
3 
The integration of Equation? was shown by Streeter and Phelps (l) 
'. . .· ·. .. '\ . 
to give 
o:... .. a .... · D . .KlL . · 1· -K1 t -K2tl. · · .;.K2t •.. . - K2 -. Kl . . . e - e . + a e . . . (8) 
which is the well-known oxygen sag equation, where 
. . . 
D = oxygen deficit in mg/lat time t 
Kl = deoxygenatfon rate constant, time-l 
K ·= reaeration. rate.constant, time"'.' 1 ... 2 
(base e) 
(base e) 
t = time 
. . . . : 
La: = inttial Cclr,bonaceous oxygen demand of .the water, mg/1 
Da = initi-al oxygen d.eficit of -the water; mg/l. 
. . . . .. . . . . . 
While it is recognized. that the sag equation does notjnclude sev-
eral fac:tors which may influen~ethe oxygen balan¢e, .such as sedimen- ,. 
tation, scour, runoff, benthal tjemand,. absorption by attached growths 
.. ·· . and j)hotosyfrthes is, i't'-seeliis ·reasonable to' assu~e>that the princi pa 1 . 
. ' . . ·,· . . . . 
forces are deoxygenation by the organotrophic organisms and rec1eration 
. . . . . . . 
due to physfc~1 ·. trarisf~r of oxygen from the atmosphere. Furthermore, 
. . 
if one accepts the concept ttiat·the monomolecular equation defines 
deoxygenation, then the oxygen sag equati.on would seem to be a rational 
. . . . . . . . . . . . . 
approach toward defining the oxygen.balance. However, it is emphasized 
that the biological degrac:lation of organic wastes is a complex phenom-
enon; .the oxygen utilized is. affected by many environmental factors and 
,' . , 
may or may not be defined by a kinetic for~ulation. Also, it should be 
. . . . . 
emphasized that in order to apply the .sag. equatio'n, five parameters. 
must be 'defined .. Two.of these,· the initial deficit and time, may be 
ascertained directly .. · The other three. are Kp K2 , and La. Since it is 
. . . .,_ . . 
imposs.ible to :s,epa.rate the effect$ of reaeration and deoxygenation in 
4 
5 
natura l streams it is not possible to measure the latter three directly. 
The deoxygenation rate constant, K1, and the carbonaceous oxygen 
demand, La, are commonly determined in the laboratory by the bottle 
technique, which is described in the Materials and Methods section of 
this thesis. Using the K1 _ and La va 1 ues found in the 1 aboratory, the 
reaeration rate is usually found by trial and error. While analog and 
digital computers can be used to facilitate the estimation of K2, the 
estimate i s still based on the laboratory data for K1 and La. 
This procedure casts a doubt on the validity of all three para-
meters, i.e., k1, K2, and La, because the method is based on the 
assumption that biological degradation occurs at the same rate and to 
the same degree in the closed bottle as it does in the flowing stream. 
While the oxygen sag equation has commonly been used to predict 
stream assimilating capacity, engineers have, in general, found the 
equation unreliable and inadequate. 
The development of a unique stream simulating apparatus by Isaacs 
and Gaudy (2) at the Oklahoma State Uni versity bioenvironmental engi-
neering laboratories made it possi ble to study reaeration across the 
surface of a flowing body of water, and to determine K2 in the absence 
of any biological activity. After accurate determination _of K2 (at a 
particular velocity and depth of flow) in the simulated channel, bio-
logical degradation could be assessed from the observed oxygen sag pro-
duced by a known volume of w_aste water. ' Thus, it has now become pas- . 
sible to determini if the course of degradation in a flowing stream is 
the same as that observed in the BOD bottle. 
B. Objectives of This Investigation 
The prime object of this investigation was to determine if there 
6 
was a difference in the mode of biological degradation of a waste in a 
flowing stream and in the BOD. bottle, and if differences existed, to 
determine the reason for these differences. The following four systems 
were selected for study in each experiment: (l) a simulated channel, 
(2) a stirred tank, (3) standard 300 milliliter BOD bottle, and (4) both 
mixed and quiescent2.4 liter bottles. This arrangement permitted the. 
measurement of the effects of 'both dilution and mixing in each experi~ 
ment. 
In order to accomplish the prime objective, it was necessary to 
determine the reaeration rate for both the stirred tank and the channel 
simulator. An important phase of this part .of the investigation was 
determining th.e solubility of oxygen in .tap and. distilled water. Deter-
mination .of K2 values permitted the calculation of the oxygen uptake 
rates in the open systems .. The experimental design provided a means of 
comparing biologiqal degradation ofthe waste in bottle systems and in 
open mixed systems. Experiments were conducted using three different 
substrates with sewage, and sewage acclimated to the substrate being 
used as seed. 
CHAPTER 11• 
tlTERATURE REVIEW 
. A. , Oxxgen ,So,lub1 lity 
· As noted in tMe.introduction, this rE!search included,.of necessity, 
a study of the total ox_ygeri balance.of each biole>$ical system employed 
' ' ' 
' ' ' ' ' 
in the investigation .. · In qpen systems the oxygen assets are related to 
' ' 
. the oxygen, solubility in ~he wa :ter; Jsaa'cs and Gaudy ( 2) have shown 
that the use of incorrect oxygen solubilit,y data leads to significant 
. . . . . . . .· . . .. . 
. errors in the reaeration rate constant, k2• their study also indicated 
that natural w~ter ma.y not have the same· ox,Ygen solub.ility as distilled 
. . . . 
water, therefore it was necessary that the solubility of oxygen be 
determined ·for the water used in th.is investigation.· 
' ' ' 
Data from· early .experiments· indicated . that the, solubility of 
oxygen in .cold tap water being used inthis laboratory was not 'in agree-
ment with published solubility data. Also, there are significant· 
.. . . . ' . 
differences in published values for the s9lubility of oxygen in dis-
tilled water (3)(4)(5} .. Therefore, this investigation .Was ·extended to 
' ' 
include oxygen solubility experiments, using .both distilled water and ' 
tap water. 
There have been many studies reported in the literature on reaera-
. tion where .ttle rate of oxygen 'transfer was related directly to the 
oxygen deficit. However, the qioenvfronmental engineer has neglected 
7 
the establishmen.t ofreliable oxygen solubility.data. This deficiency 
is evidenced by the fact that the twelfth edition of Standard Methods 
(3) contains solubility data which are very obviously incorrect,, as 
shown by the results reported from recent studies (4)(5) .. 
. . 
8 
In 1909, Fox (6) published data on the solubility of oxygen in pure 
. . . . . .· 
water. These data were obtained by measuring the reduction in volume of 
pure oxygen when it was exposed to the.surface of pure water which had 
recently been deaerated,until equilibrium was obtained, The solubility 
of atmospheric oxygen was then calculated by assuming that air contains 
20.90 per cent oxygen. 
In 1911, Whipple and Whipple (7) applied corrections to the data 
reported by Fox for a saturated atmosphere, and converted the data from 
cubic centimeters of oxygen per liter of water to milligrams per liter. 
These data ar_e reported in the twelfth edition of Standard Methods as 
being the solubility of atmospheric oxygen in pure water at 760 mm 
pressure. 
In 1955, Truesdale, et al (4) reported the results of an extensive 
laboratory study on the solubility of oxygen in water. In this study 
samples of water were deaerated using nitrogen gas and then allowed to 
come to saturation by passing co2 free air across the surface. The 
oxygen content of the water was determined by the Winkler Method. 
Twenty milliliter aliquots were analyzed, with·the endpoint being 
determined amperometrically by back titration, using bin-iodate. The 
following equation was reported for the solubility of oxygen in dis-
tilled water when the water surface was exposed to air at a pressure of 
760 mm of merc1,.1ry: 
C = 14.lfil - 0.03943T + 0.007714T2 - 0.0000646T3 (9) s .. 
where Cs is the saturation concentration in milligrams per liter at a 
pressure of one atmosphere for the respective temperature Tin degrees 
centigrade. 
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Equation 9 is the same type as first proposed by Fox and later 
adopted by Whipple and Whipple. Gameson and Robertson (8) have shown 
that the following simpler mathematical formulation can be used to 
define the relationsh1p of oxygen solupility and temperature as reported 
by Truesdale, without any sacrifice of accuracy. 
475 
Cs= 33.5.+ T ( 10) 
The solubility data reported by Truesd_ale and his associates 
differ.significantly from the values reported in Standard Methods. The 
data reported by the former are lower, varying from about 2. 83 per cent 
lower at o0c to 1.3~ per cent lower at 30°c. 
A committee of the Sanitary Engineering Division of ASCE has 
accepted the data from the Tennessee Valley Authority as being the most 
representative of the correct solubility of oxygen in distilled water. 
These data were published in 1960 as the Twenty-ninth Progress Report of 
the Committee on Sanitary Engineering Research (5). Labc>ratory pro-
cedures adopted for this study are es$entially the same ~s those 
developed by Truesdale and his associates. The oxygen concentration was 
determined by the Winkler method by back titration using an amperometric 
endpoint. The water was deaerated with nitrogen gas and allowed to come 
to equilibrium .. The water was stirred gently and 250 cc air/min was 
withdrawn from near the water surface during the aeration period to 
assure a constant oxygen pressure at the water surface. Also, at each 
temperature, a second experiment was conducted by supersaturating the 
water with oxygen and a 11 owing the water to come to equilibrium with the 
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atmosphere under the same conditions as were maintained for the 
deaerated water. It was concluded that carbon dioxide in the air had no 
measureable effect on oxygen solubility,. so the co2 was not removed. 
The following equation was proposed for the solubility of oxygen in 
water exposed to the atmosphere at a press~re of 760 mm: 
DO= 14.652 - 0.41022T + 0.0079910T2 - 0.000077774T3 (11) 
where DO is the dissolved oxygen concentration in mg/1, and Tis the 
t t . oc empera ure 1n • 
While essentially the same procedure was employed b.y Truesdale and 
his associates as was employed by the TVA group, the results differ sig-
nificantly, particularly-at low temperatures. The oxygen solubility as 
given in the ASC~ Progress Report is higher at low temperatures than 
that proposed by Truesdale, et al. The Progress Report data ere essen-
tially in agreement with the solubilities reported in Standard Methods . 
at low temperatures; and lower than the data of Truesdale, et al. at· 
30°C. 
B. Reaeration 
The basic concern of the present research involves the kinetics and 
mechanisms of the two principal forces determining the dissolved oxygen 
level in a receiving stream. These are reaeration and exertion of the 
biochemical oxygen demand, 
Any treatise relating to the oxygen balance of streams must refer 
to the extraordinary contributions of Streeter and Phelps (l) to this 
subject. As noted previously, it was they who first applied the basic 
relationship for gas absorpt\on as proposed by Adeney and Becker (9) to 
stream reaeration {Equation l), and formulated the 11 sag equation'.1 
(Equation 8) for the oxygen balance in streams. 
11 
A serious deficiency in the application of the sag equation has 
been the lack of suitablemeans of -evaluating the reaeration coeffi-
cient. Phelps (lO) suggested the construction of.several sag curves 
using selected.values ofk2. to aid in the interpretation of the constant 
corresponding to the deficit existi.ng in a stream. However; this pro-
cedure requires the acc~pt~nce of bottle data for calculating the deoxy-
genation constant, ·K1, and the. carbonaceous or "first stage". demand, La. 
Recognizing the need for a.mathematical expression for K2, Streeter 
. and Phe 1 ps ( l) ·proposed. the. following equation: 
. . . . ' . 
( 12) 
.. '. . 
where C is a. constant for a sped.fie river stretch, and is influenced by 
. .· ·. . . .; . 
the physical conditions ·which. affect turbul~nce for a given flow.·. The 
constant n fs. related tothe river stage~ v Js the velocity in f~/sec, 
· and. H ls the mean depth. i'n fee't for the strei:~h of· river fi:i quest, on. 
This prediction equation was developed· from a survey of t~e Ohio River, 
and the constants were·found to vary over a wide range. For the Ohio 
River between Pittsburgh, Pennsylvania, and Louisville, Kentucky, C 
varied between 0.23 and 131, and n ranged from 0.57 to 5,40 for selected 
reaches. 
. . 
. . . . .. . . . . . . 
Following the publica~ion of Public Health Bulletin #146 (l}, many 
equations have been propos'ed for calculating K2. Some of these equations 
are prediction equations where K2 was correlatecf to certain hydraulic 
. . . 
parameters, giving the same form .as Equation 12 .. Many of the equations 
which have bee·n proposed are based partly on theory and partly on 
assumptions, to give the desired relationship .. However, all of the pro-
posed equations rel ate reaerati on to the degree of agitation or 
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turbulence. Phelps (10} proposed that agitation or turbulence not only 
increases the extent of mixing, but that it also increases the actual 
·exposed surface. 
Osborne Reynolds demonstrated in 1883 that there are two distinctly 
different types of fluid flow (11). The first type is known as laminar, 
streamline, or viscous flow. These are descriptive terms for the flow, 
since the fluid appears to move fY the sliding of laminations of infini-
tesimal thickness relative to adjacent la1ers. A dye injected into a 
viscous flow will appear to move in definite paths or streamlines. 
Viscous flow is not found in water systems except in the infinitesimally 
thin layer of water adjacent tothe channel boundary. 
The second type is known as turbulent flow, which is characterizeq 
by fluctuating pressures and particle velocities. There is a random 
formation and decay of many small eddies throughout the flow stream, and 
the resulting intermixing causes additional shear stresses. This vis~ 
cous interaction is of a much larger scale than the molecular inter-
action associated with laminar flow, giving rise to much larger energy 
losses. 
Large eddies and swirls and irregular movements of large bodies of 
water as observed in fl'owing streams do not c;onstitute turbulence per se. 
This large scale mixing or agitation is caused PY ooundary conditions 
(channel irregularities) and represents additional energy losses through 
shear stresses. Thus~ in stream flow, the channel boundaries generate 
the large eddies and transfer energy to or from them which, in turn, 
transfer their energy to s~aller and smaller eq~ies. 
There are presently two distinct appro~chesfbr. defining turbuience. 
First, tht! older approach is the Prandtlmixing~length theory (12). The 
mixing-length in. a liquid is analogous to the mean-free path theory in 
gases. The mixing length represents the average distance travelled by 
. ' 
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particles of fluid ·before their excess momentum is absorl>ed by their new 
environment. If a particle moves from a position of greater momentum to 
a pas it ion of lower· momentum, the excess momentum wi 11 be absorbed by 
. . . 
the fluid in the new region, and when ~he particle moves to a position· 
of higher ~omentum, the reverse is true. The greater the mixing length, 
the higher the degree of turbulence and the more uniform the velocity 
. . . . . 
distribution .. A conceptua1 defect in this theory is that the momentum .. 
of a fluid particle is gradually changed.throughout its path, and not 
changed abruptly~ as assumed. 
The second and more rtgorous treatment,.of turbulent °flow is a 
. . . 
statistical approach. · This approach. is based on a concept of a primary 
. ' . ' 
steady velodty on whtch is superimposed a secondary velocity fluctu-
atfon·. Whi\e this approacq:.has attracted the interest ()f many capable 
theorists, workable relationships for use in engineering applications 
have not been developed (12). For the bioenvironmental engineer, the 
. '. ,· ·' . . . ' . . .. 
. . 
greatest need. is, for a .workable mo_del for .defining turbulence or agi ta-
t ion arid for defining 'the. ra.te of .surface renewal. 
o I Connor and Oobbi ns (13) have proposed the fallowing equa ti ans, 
which are developed pa'rtly from turbulent theory for reaeration: 
and 
480 o\ s!;. 
k2· = ----,~--
H ~
. . l 




where OM is the coeffic:i.ent of molecular diffusion for the assumed 
liquid film in ft2/hr, S is the channel slope, and H. is the mean depth 
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of flow in feet. An. isotrop.ic flow is one where the velocity fluctu-
. . . . . 
ati.ons ~re independent of the axi;of reference and the position in the 
. . : . . . '. . 
fluid. _· The authors have assumed that nonisotropic flow oc~urs at Chezy 
coefficients less than about 17, and that isotropic flows occur at : . . . . 
greater values of the Chezy coefficient. The equations are related to 
: ·.. . ,' 
the cohcepts.of mass·transfer as proposed bY Higbie (l4}~ ,and Danckwerts 
. (15). These concepts ·are discussed fn Chapter III of :this thesis. 
. .,.· . . . . . '. . 
Several authors have pointed out the questionable assumptions ·made in 
. ·. . . ; . 
· the development of these. equations (16 Hl 7) . 
Dobbins ( 18) · has proposed•. the following expression for the reaera-
. ' ' . . . . . . 
tion rate constant: . 
. ', .. 
K2·. -=_ CHA -~_D_-. -·· GotW ·. . . . m ._ · · · · om.·· ( 15) 
. . . . . '· . . : 
where r i,s the rate· of liqu-icf: surfa·oe renewal' x i;s tne film thickness, 
. om is the· ~iffusivity'~C,n_'is· the ratic)of.the true surface area to the 
horizontal projected area, and His the depth in feet .• The questionable 
. . . . ~ . . . . . 
assumptions. made. by. the: author-· are thoroughly ·di.scussed in the liter-
ature (19)(20). 
The most ext~nsive study_ on reaer-ation of ·natural streams is that 
reported by Churchill, ~t al. {l6) ~ . Pata were ~btained from reaches of 
. . .. . . . . . .. . . ·. .. . . . . 
streams below large impoundments~ Thus, nearly ideal conditions existed . . . . . 
for observing .reaeration since the water released from the. lower depths 
. ' . . . . . .,·, . . .· . . . 
of th~ impoundmel')ts was low in dissolved oxygen, relatively rree of any 
.. oxygen demand, ·and the stream beds w~re cleanand·exhibited practically 
. . . . . . ' . 
no ben.tha l demand. Furtnermore, the fl ow could be accu:r~te ly regulated 
. during the study·. periods •. 
Using multiple regres:Siqn techniques, the authors concluded that it 
· is possible to define the reaeration rate in terms of velocity, U, and 
the depth, H, by the following equation: 
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(16) 
Their study indicated that inclusion of other hydraulic variables 
in a prediction equation did not offer a significant increase in the 
accuracy of the predicted reaeration rate. 
Krenkel and Orlob (2l) .proposed a model for the reaeration rate 
. based upon a concept of diffusion· as measured by the spread of a tracer 
in a turbulent field. The overall mixing characteristics are reflected 
in a 11 longitudinal mixing soefficient, 11 DL. At constant temperature and 
pressure, the fol)owing equation was proposed: 
(17) 
where His .the depth, and C is. a constant. . . 
. , . . . . 
· Thackston and Krenkel {22), using a recirculating flume similar to 
that utilized by Krenk.el andOrlob (21), defined reaeration in terms of 
' . . . . . . 
measurable physical parameters. Their study was also based on measure-
' . .' . . : . . ·. . . 
ments of.longitudinal mixing,but the parameters were.related to flow 
and channel characteristics, giving the following equation: 
k2 = 0.000125 r l + ~: J[ ,r (18) 
where. U is the stream velocity, H is the mean depth, S is the channe 1 
slope, and g is the gravitational constant. The group [1 + u2JgHJ 
represents the changes in surface area with .flow conditions. 
Owens, Edwards, and Gibbs (23) have proposed an empiric~l equation 
for reaerati on which has the same form as that proposed by Stre'eter and 
Phelps (1). Using their own data, those of Gameson, et al. (24), and 
those .of Churchill, et al. (16), the .authors showed a high correlation 
with the following equation: 
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. . 9.4 u0.67 
k2-20° = Hl.B5 .· .. ( 19) 
However, as shown by Isaacs (25), the groups of data do not belong to 
the same statistical populatton, and the regression coefficient of 9.4 
is biased by the larger group of observations. The authors report the 
best regression equation for their·data to be: 
u0.75 
k2-200 = 10.09 Hl.75 .. (20) 
whereas Isaacs (25) reported the regression equation for the Churchill 
data as being . 
. · . . u0.9075 
k2~200 .= 6~0lO. Hl.761 (21) 
·. Equations 19, 20, and 21 are examples of the variations in. the 
regression coefficient and the exponent on the velocity as observed by 
Streeter and Phelps (l) for the Ohio River data, where it was found that 
wide variations existed in these terms for various reaches and s'tages of 
a stream. 
Isaacs and Gaudy (2.), from dimensional analyses of data obtained on 
a unique simulated channel, proposed the following equatiqn for reaera-
ti on in streams: 
(22) 
where U is the velocity, H is the liquid depth, ar:id C is a constant and 
wa.s found to be 3;053 for. the authors' laboratory data. However, the 
constant C was found to vary slightly when fitted to stream data, and 
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they suggested that the difference was due to channel geom~try. Isaacs 
and Maag (26) have proposed that the variation in the constant was 
indeed caused by the channel geometry and surface velocity, and have 
' ' 
shown that nondimensional functions'can be used to improve the correla-
. . ' 
tion. Thus, the following equatfon has been proposed: 
·. . ·. . ·u . 
. k2-20o =· _c. ¢5 ~v ·· ~· 
... · .. · · .. H 
(23) 
where c is ··a proporticmality constant, ~s ,is the nonciimensional variable 
for the effect of channel geometry, ¢vis the nondimensional variable 
for the effect of surface: velocity, u is the' velocity; and)f is the 
depth of.flow. 
The prediction equation proposed by 'Isaacs. ancl. GaUgy (~) gave 
excellent correlation.ce>effidents for their data, also'for the data of 
Krenkel and Orlob (21):, and that Of ~Churchill, etal. (16). 
Tstvoglo~, et al;,: ~noting the· shor~comings·· of dir·e~t measurement of 
the oxygen reso~rces of a stream, ha~e proposed a method of measuring 
the rearation rate: that .1s :independent .of thfi effects of all. other oxy-
gen resources an.d d,eman9s,. In p.ar't one. (27) of the report, a relation~ 
ship between. the. transfer ,ca,pabei Hty of specfri ~· i n~rt gases and oxygen 
was estqblished~ )twas found tpat the ratio .of krypton-85 transfer 
from and oxygen transfer into water was 0.83,> and it was suggested. that 
the r~tio of the exchange coefficient forany two gases is equal to the 
. . . ' . . 
inverse ratio of the molecular diameter of the gases~ The exchange 
ratios were not·affected significantly by temperature (within the range 
' • . I ; ·••• • ' 
inves.tigated), by the degree of turbulence, or by theprese-nce or 
. . . . . . 
absence of broken. water surf ace; . The temperature coefficient, H, ·of 
1.0241 as reported by the Committee on Sanitary Engineering Research of 
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ASCE (28) was in good agreement with the results obtained in the study. 
In part II (29) of the study, results using the gas tracer tech-
nique on a natural stream were reported. The reaeration coefficients 
observed in the study varied from 0.96 to 4.70 times the values pre-
dicted by the Churchill model, and from 0.57 to 2.95 times the values 
predicted by the 01Connor-Dobbins model. 
It seems evident from the extensive studies reported in the last 
decade on reaeration of natural streams, that all of the proposed models 
for reaeration are limited in their application. That is, they are 
limited in that the engineer has no rational approach to evaluating the 
constants, · As noted by Isaacs and Gaudy (2), the equation for the 
reaeration coefficient proposed by Streeter and Phelps (1) in 1925 has 
not been widely adopted because of the lack of means for determining 
these constant~ However, the model proposed by Isaacs and Gaudy (2) 
has been shown to give good correlation with data from various sources. 
The refinements to the equation as proposed by Isaacs and Maag (26) 
would appear to give the equation even greater applicability. 
C. Deox.ygenati on Studies 
The BOD test has been the subject of a tremendous quantity of 
research. O'Brien and Clark {30) have published an extensive literature 
review on the BOD test, and the interested reader is also referred to 
the reports by Streeter and Phelps (1), and Theriault (31) as sources of 
interesting and pertinent reports on the early development of the test. 
Three principal and perplexing facets of the standard BOD test are: 
(1) that the oxygen uptake is approximately defined by decreasing rate 
monomolecular kinetics, (2) the 5-day oxygen uptake is a meaningful 
measure of the oxygen demand of a waste, and (3) the oxygen uptake as 
measured in a dilute bottle system expresses the kinetics of deoxygen-
ation in a more concentrated turbulent stream. 
19 
A mathematical model describing the deoxygenation curve as pro-
ceeding according to the well-known monomolecular reaction kinetics was 
first proposed by Phelps in 1909 (32). Theriault later reported data 
that indicated good agreement with the monomolecular formulation {31). 
Theriault also developed the first-order concept into the mathematical 
form in use today, and proposed the rate constant of O.l {k1 = 0.1 day-1). 
from statistical an.alyses of BOD data on Ohio River water. This rate 
constant was later widely accepted as being applicable to all wastes •. 
It is emphasized that the research results reported by Adeney, Streeter. 
and Phelps, and Theriault were based on studies of polluted .river water, 
and the authors never suggested that the findings were applicable to all 
types of pollution. In fact, Phelps-has noted that there is no logical 
reason for the BOD reaction to have a decreasing monomolecular rate {lo). 
The origin of the 5-day BOP standard is found in excerpts from 
Adeney's reports to the London Royal Commission on Sewage Disp~sal dur-
ing the last decade of the nineteenth. century as given by Theriault {31). 
In the Eighth Report, Adeney noted. that a 5-day period of incubation 
was selected as the error of·experiment is minimized by giving suffi-
cient time for the oxidation of a ~ea~on~ble portion of the matter 
present. It was recognized by Adeney and others that long-term exj:>eri-
ments were not practi ca 1, and that the results of short~.term experiments . 
were too erratic to be significant, and the author was of the opinion 
that by the end of five days' incubation the variability inherent in 
the first few days of incubation had, to a large extent, been equalized. 
The literature on BOO research indicates.that the results of-many 
of the early studies clearly indicated that the BOD reaction was not a 
decreasing function, but a diphasic one related to biological growth. 
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In 1911, Muller (3l) reported a correlation between bacterial growth and 
oxygen uptake .. · It was also observed that the point of maximum oxygen 
depletion coincided with the time of maximum bacterial count. Theriault 
noted from the findings of ·Muller that when the bacteria .were in a state 
of multiplication, the rate of oxygen uptake was much greater than when 
the bacterial count remained .fairly stationary (31). 
Purdy and Butterfield (33} in 1918 concluded from BOD bottle 
· studies employing a synthetic waste inoculated with pure cult.ures iso-
lated from sewage that oxygen uptake occurred only during the. period 
when.the baGteria were multiplying, and tha,t oxygen uptake was very low 
after bacterial multiplication ceased. 
Butterfield (34},using a dextrose and peptone substrate with a 
pure culture fnoculum, reported a rapid oxygen uptake during the period 
of bacterial cel'l multiplication. The oxygen consumption showed no sig-
nificant increase once a steady bacterial population was attained. 
Hoovet, Jasewicz, and Prirges, working with milk wastes inoculated 
with an acclimated pure culture, proposed that the BOD test consists of 
two biochemical reactions (35L First there was a rapid growth of cells 
with assimilation of available nutrients into the cells, followed by the 
subsequent slow endogenous respiration of these ce 11 s. The rapid growth 
phase was complete in a maximum of twenty-four hours, and it was reported 
that it was often completed before the sample was introduced into the 
BOD bottle. Bacterial counts reached about 5 x 106 during the first 
day, and slowly decreased to approximately 200,000 in twenty days. The 
authors noted that the commonly-.employed velocity constant of 0.1 could 
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be associated only.w,i.th . .the.endogenous phase of the oxygen uptake •. 
They also suggested that t? imply that the rate of oxidation in the BOD 
. ·. : . . . . . . 
test is related to monomolecular kinetics is at variance with all exist-
ing knowledge of the bacterial growth process. It sho.uld be noted that 
the conditions empl~yed in the research were not the same as normally 
found in natural streams and th'e BOD bottle. ·.· In order to achieve the 
. rapid uptake of substrate as reported~ an actively~growing _inoculum with 
a high ratio of ··biological solids to substrate was required. In the 
normal BOD test and in the receiving strec;im the bacterial population is 
. . . 
low, and the.substrate is removed during the growth phase. 
Orford and Ingram (36) reported that the constants k and Lin the 
BOD faru~ulati-0n d~ riot remain ~onstant over the entire BOD curve. It 
was found that as the observation period increases, k values.decrease 
and L values increase. _They conciuded th.at there was no fundamental 
rea~on' why oxidati bn shotild·t~ke 'placlaccording to< decieasi.ng mono~ 
molecular kinetics, and that the parameters k and L have very little 
physical o~ biological signifi,cance . 
. In 1952, Garrett and Sawyer reported on the kinetics of substrate 
removal in continuous flow studies (37). · They proposed that the rate of 
growth was directly proportional to the BOD concentration .. They also 
reported a growth rate constant of 0.21,giving a bacterial generation 
time of 3\ hours. The proposed linear relatitmship between growth and 
substrate concentration imposes no limits on the growth rate. 
In 1958, Busch reported on the BOD progression in soluble sub-
strates where the carbonaceous BOO curve was found to consistof-a two-
phase oxygen uptake :with th.e phases separated by ·a plateau (38). The 
. . . . . 
first phase of oxygen uptake was attributed to the conversion of· 
22 
substrate into cell material which included new cell synthesis and 
storage products. The second phase was attributed to endogenous respi-
ration of the bacteria and protozoa activity. The plateau in the oxygen 
uptake curve was found to occur in from twelve to forty-eight hours, 
depending on the lag, and was reported to have a characteristic value 
for a given substrate. He proposed that as the ratio of predators to 
substrate-consuming population increases, the separation of the two 
phases begins to blur. A single strain of organisms or a predominance 
of sub~rate-consuming organisms gave the most distinct plateau. Busch, 
et al. have re ported that the plateau affords a much more valid 
point for determining the ultimate oxygen demand than the conventional 
5-day BOD (39). It was proposed that the 24-hour oxygen uptake for a 
glucose-glutamic acid mixture represented 39 per cent of the theoretical 
demand . However, other reports have shown lag periods much greater than 
twenty-four hours (40), and it is shown by Busch (38) that the plateau 
occurs between twelve and forty-eight hours. Hoover also reports that 
the rate of oxidation for the first one or two days is difficult to 
interpret because of lag- in growth of organisms (35). 
Pipes, et al. reported on experiments employing various substrates 
and settled sewage as seed (41). It was reported that growth commenced 
with some substrates within a few hours, and the maximum bacterial pop-
ulation was attained in one or two days. On other substrates an 
extended lag period occurred, or growth proceeded slowly, and the maxi-
mum bacterial cell count was not attained for several days. A 35°c 
incubation temperature was used, which may have inhibited some sewage 
organisms and the protozoa. 
Wilson and Harrison, using a pure bacterial culture and phthalic 
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. . : . . ... 
acid substrate, reported a 2-phas~ oxygen uptake with the exogenous and 
endogenous phases separated .bya plateau (42).· Initial cell concentra-
. .· . . . . ·. . .. 
tion had no effect on.the oxygen demand for the exogenous phase, but the 
oxygen uptake dur.i ng the endogenous phase was related to the number of 
cells present. 
Mcwhorter and Heukelekian (40) reported that substrate removal was 
. ,, . . . . 
complete at 30 per cent of the theoretical uptake when using sewage seed 
. ·' . . 
and glucose substrate, A residual COD amounting to 5 to 15 per cent of 
. . . . . . . . . 
the original COD was found to remain in the supernatant .. Seed concen-. 
trati.on produced no significant variation in the cell ;ield. The oxygen 
. ·. ,· ·' . . 
· uptake ra,te wa~ reported to be· neiir maximum at the point of substrate 
depleti:on,· and the cell mc1ss·also reached a maximum at this time. The 
. .. .. . . 
plateau durationwasreported to decrease with an increa~e in substrate 
. . . . . 
concentration,.and the plateau did not exist at 1000· mg/1 of glucose 
. · substrate~·. The average lag pet'i:~d.whe~ '.using a -one p~r cent seed was 
44 ±. lO hours. 
Butterfield, et al. had reported in 1931 tha·t the addition of the 
protozoan Colipidium to a pure culture of Bacterium aerogenes resulted 
in an oxygen uptake beyond the. peak observed in the control containing 
only bacteria (43). Also, 'there·was a.rapid decHne in the bactertal 
. count after one day :in the system containing the protozoa followed by an 
i'ncrease in protozoa. count which reached a peak after four days ... There 
was no corresponding decrease fo bacterial count in the control contain-
ing rio protozoa.. They proposed that the role of protozoa was to reduce 
· .. ··. ·. ···:.. . ·.. . .. 
the bacterial population, thu~ providingsuit~ble conditions for con-
. ' . . .. 
tinuous b~cteiial growth. 
Extens·ive st.udies were conducted. at the bioenvifonmental · engineering 
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laboratories i3,t Oklahoma Sta.te. University to elucidate the nature and 
cause or causes of the plateau in the oxygen uptake curve. · Gaudy, 
Bhatla, Follett, and Abu'-Niaaj (44) observed the occurrence of a plateau 
in forty'-three out of fifty-one experiments. The plateau was found to 
occur for a fairly wide range of simple and complex substra.tes with 
various types and concentrations of seeding materials. The seed included 
both heterogeneous populations and pure cultures of Escherichia coli. 
The plateau occurred Within the first two days of incubation; and usually 
30 to 40 per cent of the theoretical oxygen demand of the substrate had 
been exerted at the plateau, They reported that while the plateau was 
found to occur in most of.the experiments, the geometry of the BOD curves 
which exhibit a plateau cannot be defined with sufficient precision to 
warrant the use of the plateau for predicting the course of BOD removal. 
Bhatla and Gaudy (45) reported on their tests of the applicability 
of fb11r theories for. the ihstltoting of the plateau.··. Briefly, the four 
theories were: . ( l) changes in predominance of species in a heterogeneous 
population where the secondary predominating cells may be either bacteria 
or predators such as protoz6a, (2) part of the cells which have grown up 
during the first phase of the oxygen uptake may lyse and release products 
which produce a Secondary growth, (3) an accli.mation period may be needed 
for synthesizing new enzyme systems required for endogenous metabolism of 
various cell materials after removal of the exogenous substrate, and (4) 
cellular intermediates or metaboli.c byproducts may be released to the 
medium during the period of substrate utilization, and an acclimation 
period may be required before these compounds can be metabolized. 
In addition to the preceding four .theories, Gaudy, Komolrit, and 
Bhatla (46) have shown.that a diphasic oxygen uptake curve can be 
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produced in high en~rgy systems because of the sequential use of exogen-
ous substrates in multicomponent media. · Bhatla (47) has shown that . 
sequential use of exogenous substrates can also cause a diphasic oxygen 
uptake in dilute .systems; · · 
Bhatla and Gaudy (45) concluded that the plateau actually repre- -
sents the endogenous res.pira:tfon phase of bacterial metabolism, and that 
the s~condary phase i.n oxygen uptake was usually caused by the predator 
·_ population. The length of the plate,au was considered to be proportional 
to the relative time lag between the peaks in bacterial and protozoan 
.populations. 
Gates·' Maney, Sha fie, .arid Pohl and reported the results of a series 
' ' 
of experiments which were conducted in an open tankreactor. (48) .. · Oxygen 
sag curves w~re pre;ented Using sewage and O~io River water, glucose, 
. . . . . . . 
a.nd lactose as substrates. The ,same type .ofcurves was observed using . . . . . ., 
·. sew~ge or pure' cultures :of ·lsche.ri ~hia coif ;as ·seed. oxygen uptake .and 
glucose uti 1 ization· occurred concurrently.· While no ·attempt was made to 
separate the. effects of deoxygenation a~d ·reaera.tfon,. the authors did 
. . . . 
observe in their interpretation of the sag curves, that the sag was not . . . . . . . . . 
' ' 
described. by decreas in~ kinetics but actua 11 y. .consisted of lag period 
followed by a period of increasing oxygen uptake during the time of 
substrate utilization. 
Isaacs and Gaudy. reported the results of a series of·experiments 
' ' 
' ' 
conducted in the simulated channel. used in the present research (49). 
In these experiments it was observed that one .of the primary differences 
in the oxygen uptake in the open turbulent; system and t.h.e BOD bottle was 
the existence of a much lang_er lag period in the bott.le system than in 
the turbulent system. Three distinct phases were observed in the oxygen 
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: . . .. ·· . .· ,· 
uptake curves .. The fi.rst phase was associated with sub.strata utilization 
and an increase ;~ biological soHds .. The second phase of the oxygen 
uptake was a period during .which the rate of oxygen.· uptake was very 1 ow, 
producing a plateau in the uptake curve .. The oxygen uptake at the 
plateau fo.r the· four. experiments where a glucose-glutainic acid substrate 
was used, variedhetween 25 and 45 per cent of the theoretical oxygen 
demand •. The ·plateau Wasfol lowedbya _second phase of oxygen uptake 
which-was associated·wJth protozoan activity ... The authors were able to 
.• • • • ••• f 
reproduce the. observed oxygen sag curve. by the use of a separate equa-
tion ,for each "Of· the three ·Phases~ However, the theoreti ca 1 oxygen sag . 
curve computed .. from the Stree.ter~Phelps equation (Equation .8) did not 
. . . 
adequately define .the obse~ved data. 
. CHAPTER III. 
· EXPERIMENTAL·AND·CdMPUTATIONAL ·RATIONALE 
A. Theoretkal Conc~pt,s· 
l. Genera 1. Comments · 
. . 
As may_be noted -from Chapter II of. this thesis, reaerati.on equations 
have been proposed a 1 ong tw.o general lines. These are the pre cl i ct ion 
. equation, which is developed from streamdat~, ancl the equation devel-
oped from a theoretical_ concept. .Since reaeration .is a .mass transfer 
. . . ' . .· . ,' 
prpc~ss, it is d.eemed d~sira_b]e. to review brtefly the present state of· 
ma~s transfer U1e~ry as it rel,atei to turbul~nt flow.· .•. A new equati~n . 
. based on turbu 1 ence in term$ · of s fr·~amflqw parameters for. the 
.. reaeration rate constant h also presented_~ Also, since, the overall 
approach utilized in this_ research to analyze the data ·is somewhat 
unique, a section on computational methods is ·pres.ented to provide 
examp_l es of the procedures us.ed. 
2. Gas-Liquid Transfer Theories 
There are two universally accepted theories for the transfer of a 
. . . . . 
gas to a liquid when the lwo are plac:ed in ·contact. These are the 
u'film theory 11 and the 11 penetration the_ory.11 The following 4iscussion of· 
. . . . . . 
the two concepts is admittedly brief' and the reader is referred to the 
references' giveri for a more complete presentation. The older concept 
27· · 
is that proposed in 1924 by Lewis and Whitman (50). They, presented a 
model for gas absorption which has been widely accepted and is desig-
nated in the 1 i tera ture as tmr,!:Hl 111 theo}fy _., According to the mode T, 
. . ' 
all of the driving force acts a,cross a stagnant film which, tt ts 
. . . ' 
assu~ed, exists in both the gas and liquid phases at the interface. 
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The assumption ts also made that there isno concentration gradient in 
the bulk of either the gas or the liquid. This may be shown as follows: 
bulk 
gas 
liquid liquid. gas film film ftlm 





· liquid c 
co 
interface interface 
(a) general . (b) slightly soluble gas 
Figure l - Conceritration gradient for gas at gas-liquid 
interface .as proposed by film theory. 
where P0 and P; are the partial pressure of the diffusing gas in the 
bulk of the gas and at the inwrface, respectively, and Ci and C0 are 
the concentration of the absorbed gas at the interface and in the bulk 
liquid, respectively. The concentration difference across either of 
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these films represents the driving force for molecular diffusion across 
that film. · For a slightly soluble gas (e.g., oxygen in water), there is 
no loss assumed for the gas film, and the partial pressure of the gas at 
the interface is taken as being the same as found in the bulk gas. An 
increase in turbulence is assumed to decrease the II liquid film" thick-
ness' and to give an i ncr.ease' in the o~ygen transfer rate. 
· Si nee the rate of transfer is considered to be contra ll ed by the 
liquid film, the rate may be expressed as 
(24) 
where A is the area, Mis the mass of gas transferred in pound moles, 
tis time, and kl is the transfer coefficient for the liquid film. 
Since the surface is considered to ~e saturated for a slightly soluble 
gas, Ci is taken as the saturation concentration, CS in mg/1. 
The transfer coefficient Cilr) be replaced by the diffusivity coeffi-
cient, giving 
.. OM 
R = ·- (Cs - Co) = kl···· (Cs· - Co) x . (25) 
. . . 2 
where R is the flux or.transfer rate in the pound moles/hr/ft, OM is 
the diffusivity through the liquid f.ilm in sq ft/hr, and x is the thick-
ness of the liquid film in feet. The thickness of the fictitious liquid 
film cannot be determined; however, Equation 25 provides a working 
mathematical formulation which gives an increase in transfer rate with a 
decrease in film thickness. 
As noted by the authors, the 11 fflm theoryll has no physical basis, 
and no film has been observed, but the theory has been widely used in 
the correlation and interpretation of mass transfer data. The wide-
spread use of the theory has led to studfes .seek.fog some physical 
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evidence of a liq1,.1id film, but there have been no reports of any 
physical evidence to indicate the existence of a film at the interface. 
Fage and Townend (51) studied the behavior of dust particles in 
turbulent waters. Particles were observed within 1/40,000 inch from the 
surface~ and thete was no indication of the existence of a laminar film. 
To anyone who has sat on a riverbank and watched the water, it would 
certainly seem that the water surface of the flowing stream is not homo~ 
geneous but is continuously being replaced as water from beneath the 
surface is exposed. By carefully adding orthotolidine to the surface of 
flowing water containing a chlorine residual in the simulated channel 
used in this research, the writer was able to observe the rapid disper-
sion of·the colored complex throughout the liquid by what certainly 
seemed to be eddy diffusion. Thus the exist.ence of a liquid film does 
not seem. reasonable, nor can its existence be demonstrated by any known 
methodology. 
Tsivoglou and his associates (27) have also concluded from their 
studies on gas transfer that the apparent liquid film is purely a 
hydrodynamic phenomenon that is not related to the ability of the oxygen 
molecule to enter the liquid surface. Furthermore, if the film theory 
did define reaeration, then the mass of oxygen crossing the film would 
not vary with depth of flow. Thus, for a given rate of mass transfer, 
the rate of concentration change in the liquid would vary linearly with 
volume. This would give a linear relationship with k2 and depth of 
flow. However, Isaacs and Gaudy (2) have shown that the rate constant 
varies with depth to the 3/2 power. 
Higbie (14) studied the absorption of a pure gas into a still 
liquid during very short periods of exposure. The author reports that 
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several investigators had shown in the last century that a gas diffuses 
through a liquid according .to Fick's. law, which may be given as 
dC · d2C 
dt = DM -2 · _dx ·. 
(26) 
where C is the concentration at depth x, t is exposure time, and DM is·-
the diffusivity of the gas through the liquid. _ From Fick' s Jaw it 
can be shown that the absorption.rate at the liquid interface is not 
constant, but that it varies inversely as the square root of the expo-
sure time acc:;ording to. the following equation: 
(27) 
where k:L is th_e liq~id fi.lm coefficient .. Thus,. the rate of absorption 
of the gas _at an exposed liquid surface would become very great as the 
exposure time approaches zero. The raie of .gas absorption is 
•. . . - to.:... . ·. ·.· ._-. 
R = 2'V .Ji . (C ~ C } · · 1rt .· S ·. 0 . (28) 
·where cs is the saturation ~oncentration for-the gas, and C0 is the con-
centration of the gas in the liquid .. This relationship is called the 
. . . . . 
. 11 penetration theory.'.' 
. . 
While the. theory had been verified for periods of 
exposure from ten seconds to one hundred and fifty hours, the work 
· reported by Higbie covered ·periods :of exposure from .0.01 to OJ second._ 
The penetration.theory as given by Equation 28 indicates that the 
absorption rate is related to the period of_exposure, t. If the liquid 
at the interface is exposed for.a very short period of time, the trans-
fer rate will be great, but the.actual quantity of gas transferred will 
be smal1 because. of the.short exposure period. If t~e exposure period 
·.. . . 
is long, the transfer rate is·small and approaches a constantrate as 
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time increases. For long exposure periods, the penetration theory is in 
agreement with the film theory. The penetration theory assumes no limi-
tation on the reaeration rate. The more rapidly the surface is replaced 
by turbulent action, the greater the reaeration rate. However, Higbie 
(14) found that the transfer rate was not without limit as indicated by 
the penetration theory, but as the exposure time was decreased, the 
amount of gas absorbed was consistently below the theoretical value. As 
the time of exposure was increased, the amount of gas absorbed approached 
the theoretical quantity a.s.ymptoti ca lly and the two values were in good 
agreement at exposure times of about ten seconds, arid above. 
Elgin (52) suggests that the deficiency in transfer rate reported 
by Higbie is in agreement with the kinetic theory of gases. The upper 
limit of absorption would represent the actual rate of absorption at the 
initial instant of contact if every gas molecule striking th~ surface 
actually penetrated it. Since only a fraction of the molecules striking 
the surface actually penetrate it, th~ upper limit observed was somewhat 
less. As the exposur~ time is increased, the fraction penetrating the 
surface would follow the monomolecular law as observed by Higbie. Thus, 
it is quite evident that on the basis of the penetration theory the rate 
of oxygen absorption into water is related to the exposure period or 
rate of surface renewal. When water is in turbulent motion it is a mass 
of eddies which are continuously changing their conformation and posi-
tion . These eddies are continually exposin~ fresh surface to the atmos-
phere while remixing into the bulk of the liquid parts of the expo~ed 
surface which have been in contact with the air for varying lengths of 
time. During the exposure period, the reaeration rate is given by 
Equation 28. Thus, under the penetration theory for reaeration, the 
rate of oxygen transfer is related to surface renewal. 
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The penetration theory was applied to turbulent flow by Danckwerts 
(15). He postulated that for a given state of turbulenc.e the mean rate 
of production of fresh surface will be constant and equal to r, and the 
chance of an element of surface being replaced within a given time will 
be independent of its age. Here r is the fractional rate of surface 
renewal. The absorption rate was shown to be 
(29) 
where R· is the absorption rate per unit area, OM is the diffusitiv·ity of 
the absorbed gas, and (Cs - C0 ) is the oxygen deficit. It is seen that 
~ replaces kl in Equation 25; however, the significance of the term 
is quite d.ifferent from that associated with the film theory. 
If a surface resistance does exist to decrease the rate of absorp-
tion, the rate of absorption is shown by Danckwerts (15) to be 
l R = --=------=--1 · l -+--vo;; kA 
(30) 
where the total transfer is given by 
(31) 
where kA represents the surface resistance, C; - C0 is the deficit 
across the surface, ~ (Cs - Ci) is the transfer across the inter-
face, and kl (Cs - C0 ) is the overall transfer rate. At equilibrium con-
ditions the three terms in Equation 31 are equal. Thus the rate of 
oxygen transfer in accordance with the penetration theory is given by 
R = k (C - C ) l s o (32) 
where kl is the overall transfer coefficient, and Cs - C0 is the oxygen 
deficit. 
The surface resistance, kA, may be caused by detergents, oils, or 
any other conditions which would affect the surface density or surface 
tension. However, for any given condition it would be a constant, and 
the rate of transfer would sti 11 be related directly to the rate of 
surface renewal. 
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Following the transfer of oxygen across the air-water interface, it 
must theh he distributed throughout the bulk of the liquid. Here again 
there is a difference in the film theory and the penetration theory. In 
the former case the oxygen is assumed to be distributed by molecular 
diffusion, whe.reas according to the penetration theory the oxygen is 
carried throughout the bulk of the liquid by eddy diffusion with mole-
cular diffusion occurring primarily on an intra-eddy scale. 
Convection by molecular diffusion alone is slow and difficult to 
ach'ieve except for very vis.cous fluids. Even in the so-called quiescent 
vessel of water in the laboratory, convection by eddies is not elimi-
nated~ since slight conve~tion currents are invariably present. These 
are due to slight temperature gradients, to density currents resulting 
from the more densely saturated surface layer, or to undamped mechanical 
motion. Stratification in natural lakes is factual evidence that mole-
cular diffusion is most probably insignificant in stream reaeration. 
Here the thermal density barrier is sufficient to prevent mixing by 
eddy diffusion and convection currents, but it offers no resistance to 
molecular diffosion. In fact, the co.lder water at the lower depths 
actually promotes a net flux to the lower depths by molecular diffusion, 
yet it is well established that very little transfer occurs across the 
therma 1 density b& rri er. 
· O'Connor and Dobbins (13) atte~pted to relate reaeration to the 
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rate of surface renewal through the age distribution theory proposed by 
Danckwerts ( 15), however~ their basic assumption th.at the rate of sur- . 
face renewal is equal to the velocity gradient ts without foundation and 
contrary to the. Prandtl universal lo.garithmic velocity distribution law. 
which was demonstrated by Vanoni .(53) to apply to open channel flow.· 
. .• . . ·' ·. . . . . 
The integrated form·of the·equationfor the veloc;ity distribution may be 
written 
(33) 
where u is the velocity at distance-y from the channel bed, Djs the 
depth, U is the mean velocit/, z is thevon Karman constant, having a 
value of abo1.1t 0,4 for water, :·9 is the gravitational constant, .and s is 
the. energy gradie~t .. Diff~rentiation of Equation 33 with resp:ect to y 
yields a more useful 1qua~i0n for thevelodty g~adfent 
·. du 2, 5 ·.~ : r;:-;g .. DS :: · 
dy= · y v 91J~ (34) 
where tis the velocity gradie~f at di.stance y from th~ channel bed .. 
Since the energy gradient, S, is a function of several hydraulic para-
meters, it is desirable tcj replace thisterm in the equation. The 
. . . ' .. . .. 
Darcy-Weisbach equation can be rearranged to_ give the fol lowing form·: 
-~=~-
' ,' ' 8 '.' (35) 
Thus the verticalvelocHy distribution is given by 
du_ 2.5~ _ 
'dy - 7 '8 ·.· . (36) 
where f is the dimensionless frictian factor. As noted by Churchill, 
et .al. (16); the vertical velocity disb·ibution is related to both the 
velocity and the square'root,of the friction factor. Also, the Darcy-






From an examination of Equations 36 and 37 it is.seen that the 
energy gradient does not qefine flow for a turbulent system. The energy 
gradient, S, is the volumetric rate of energy dissipation .in ft-lb/lb 
per unit length of flow, and as shown by Equations 36 and<P, this rate 
of energy dissipation in turbulent systems is .related to f and U, and 
both of these variables are related to depth.· At constant depth, both 
the energy gradient:and the vertic~l velocity distribution are defined 
by f and U. Any com_bination off and U yielding the same constant will 
give the sa111e vertical velocity distribution and the same energy gradient 
at constant depth. 
. . . . . ' . 
In summary, the .penetration theory is considered by the author to 
. . . . . . 
be the more prop~rapproach to mass transport in turbulent flow even 
though the theory is not completely developed at this ·time.because of 
.. · . 
the lack of a suitable expression for the surface renewal rate. However, 
surface renewal would seem to be related to the intensity and scale of 
turbulence, and any relationship for expressing surface renewal rates 
must include the parameter~ f, U, and D, sinc:e these_are required to 
define the rate of energy dissipation. 
3. Velocity Gradient .in Flowin~ and Stirred Systems 
A logical approach.to streamreaeration is that proposed by Camp 
and Stein (54) for defining turbulence in flocculation basins. Since 
in a turbulent flow all of the energy input to the system must be dis-
. . . 
sipated as .heat through kinematic and e.ddy viscous forces, these 
authors have shown that turbulence is related to the volumetric rate of 
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. . 
energy loss through the root mean square velocity gradient. For turbu-
. . . . . ' . 
lent flow in streams~ the velocity gri;idient, G, is shown to be given 
by the square root of the volumetric rate Of ene.rgy.dissipation divided 
.·· ' . ·. . . 
by the water viscosity. · Therefore 
·• .. 
G =yi£ . µ 
whereµ is the dynamic viscosity 1n lbs/ft~sec, and Wis the .energy 
dissipation rate per unit volume of water, which is given by 
.. W = AU.pghf = ~· ..... L. u2 = fpU2 
· AL · · AL . · f 4D 2g 8D 
and. ' 
--~·_.fu3 · 
G = --. 




where G is the velocity gra<fient. in seconds "'1, v is the kinematic: vis-
cosity.in feet2/sec, f is the .. dimens.ionl ess friction factor, V is the 
mean velo~ity in ft/s~c, and b is the mea~ depth in feet .. ·'· . 
Fpr a mechanical'.ly-stir.red vessel, the velocity gradient is given 
by 
. - !Pi;·.·. 
G ='\./ ~.,.. (41) 
Vµ 
where P ·is the power input in ft-lbs p~r secotf<f, gc ts the force-mass 
conversion factor ( 32~ 2 ft- lb mass/ft- l b-f orc·e· sec2) , V is the volume in 
' . 
ft3 , and µ is the wate"r vi~cosity in lbs/ft-sec.· 
4. Power Input in Stirred Tanks 
. . . 
Mechanic~l ·Sti~ri~g is ~enerally used in pilot plant studies to 
provide agitation and reaerati on of. the content~ of small vessels. 
.. . . . 
Also, .mechanical mixing .is Qften used in activated slud~e and e~tended 
aeration waste treatment plants~ However, in the .latter~ reaeration is. 
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accomp 1 i shed by high speed turbines~ and th.e rate of oxygen transfer is 
greatly enhanced by surface agitation· .• · 
. . . . . . 
One would suspect that reaeration in stirred vessels is affected by 
. the s~me principles as-thos.e for. fl owin_g streams; that is'· mass transfer 
rates are related to the: natu~·e of the turbulence maintained in the 
. vessel.. The nature of ·the turbulence in a stirred vessel is related to 
the power number,· NP, ,which. is deffne~ by the following dim~nsionless 
ratios (55}: 
N = K(N · .. )a(N .· )b{T)c(z?:,c)e(.l?.)f (W)g(l)h'(~)i 
· p . Re. ·. Fr .. ·. D .D . -0 D O . D n2 . 
where 
N --~ pbwer number . p 
NRe. = . Re,rno 1 ds. number· .·· . 
NFr = Froude number 
. . . . 
.. D = i mpell er di ~mete·r. _: . . ... 
T =-tank diameter. 
z=liquiddepth. . . 
. c = distance impel.ler off tank bottom 
p = impeller blade pitch 
W = impeller blad~ width 
l = impeller length 
n = number of blades 
K = constant for the system 
(42) 
The ·parqmeters have _the dimens.ion of length. _In the English system of 
measurement·~ the length would usually be expressed infeet •. 
For geometri ca 1 ly similar systems, the. power number equation . 
reduces to: . 
. •. 
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and in baffled tanks having no vortex, the exponent bis zero. Thus 
and since the power number is independent of the Reynolds number in 
turbulent flow (which will almost always exist in stirred water.systems), 
the power number is given by 
or 




Therefore, the power imparted to the liquid is proportional to the third 
power of -the impeller $peed and the impeller diameter to the fifth 
power. For water, the relationship for an impeller becomes 
P = CN3 
Thus, a log-log plot of power versus speed has a slope of 3 and an 
intercept of log C. 
(47) 
While it.is possible to have any combination of-geometric ratios in 
a mixing operation, the manufacturing procedures .have become somewhat 
standardized. It is conventional to use four baffles, equally spaced 
around the tank, with the baffle extending radially into the water 
approximately 0.1 of the tank diameter. This is sufficient to prevent 
swirling and the creation of-a vortex. A 3-blade square pitch marine 
impeller is generally used with water. A square pitch is a pitch of one, 
and indicates that the impeller would move forward one diameter per 
revolution if free. This gives an axial flow toward the bottom of the 
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tank with a flow pattern as shown in Figure 2. 
~ ' \ __ r ./ ~ r1 ~ 09i?~ 
~~ ,',~ 
(a) elevation view (b) bottom view 
Figure 2 - Flow pattern in baffled tanks. 
Data presented by Rushton (56) indicate that for impeller heights 
from the tank bottom of between o·. 70 and l . 60 there appears to be no 
effect on the power. ~ ratios have been shown to have little effect on 
power input. 
5. Summary 
There is considerable theoretic~l justification for expecting 
Equation 40 to define the reaeration rate in streams. It has been shown 
by Rickard and Gaudy (57) that the reaeration rate in a stirred reactor 
can be defined by the velocity gradient. The equation contains f, U, 
and 0, which were shown by Equations 36 and 37 to be required to define 
the vertical velocity distribution and the energy gradient. Thus, 
Equation 40 is also completely compatible with current hydraulic theory 
for relating turbulence to the physical parameters of the streams. The 
dimensionless friction factor, f; can be evaluated from nomograms and 
equations which are found in all texts on hydraulics. 
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A regression analysis of the reaeration data reported by Isaacs and 
. . . . . . . . 
Gaudy (2), using Eq.uation 40, gave a correlation coefficient of 0.987 . . . . . . . 
which is·essentially the. same as that found by the authors using a pre-
diction equation developedby dimensional analysis. 
The reaeration data'of the present research was also. correlated 
with the velocity gradient. Equations are presented for the reaeration 
rate constant in terms of the velocity gradient for both the channel 
simulator and the stirred reactor. 
. . 
' . . . . 
B. Oxygen Uti.l i zati on. Systems . 
. The experiments in the biological degradation portion of this 
.· research were designed to compare biological .stabilization processes and 
o2 utilization ~s _measured in .the us.ual bottle system with the corres-
ponding responses iri a flowing Or sti'rred system. Such comparisqn and 
development of possible relation5hips _needs to pe accomplished, because 
present en9ineerin9prac~i-ce requires that BOD bottle data be used as -
the principal measur~ of thepollutional·strength of wastes in natural 
streams -and because the bottie data. must of necessity USL.lallybe used 
to estimate the reaeration rate for the receiving stream. 
Four systems selected to_ be run concurrently were (l) the standard 
BOD bottle and a 2.4 liter bottle under quiescent .conditions, (2) a 2.4 
liter bottle urider stirred conditions, (3) a flowing system, and (4) a 
stirred reactor. All. four systems were seeded with identical_ biological 
populations in each experiment. The 300 ml BOD bottle systems were 
- - . 
used because they are a standard in professional practice. The 2.4 
. . . . 
liter quiescerit and mixed systemi were selected to provide sufficient 
volume for the selected analyses, ~rid since the effects of mixin~ were 
to be evaluated it was necessary that a quiescent system be run as a 
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stanqard along with the mixed bottle system. The flowing system experi-
ments were conducted in a simulated stream in order to .measure the 
degradation process under stream conditions .. If the bottle data were 
found to be insufficient for defining the effects of a waste on a 
receiving stream, then it would be desirable to have other laboratory 
procedures for measuring the degradation process. Hence, the open 
stirred reactor was selected, since the reaeration rate found in the 
stream could be replicated by varying the mixing rate and because the 
system was easily adapted to laboratory use. 
It was.reasoned that by conducting concurrent experiments in the 
four sy~tems it would be possible to evaluate any relationship which . 
exists between degradation in the BOD bottle and the turbulent stream. 
Basically, the differences to be evaluated were the effects of dilution 
and mixing on biological ~rowth and substrate stabilization. Also, the 
data from the selected systems would permit evaluation of the validity· 
or the engineering usefulness of the assumption that degradation oc~urs 
as a first~order decreasing function. 
Since the object of this research was to compare laboratory bottle 
data and stream data, the simulated channel and. the stirred tank were 
operated at speeds which gave reaeration rates approximating those 
occurring in natural streams. The simulated channel was operated at a 
velocity of 0.49 fps, and the stirred ta.nk was mixed at an impeller 
speed of 184 rpm; 
C. Methods Used in Data Analysis 
1. Calculation of Reaeration Rate Constant 
The differential equation for reaeration is 
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(48) 
which, upon integration and rearranging~ gives 
(log base e){49) 
or 
(log base 10)(50) 
where D0 is the initial deficit, Dt is the deficit (i.e., Cs - Ct) at 
time t, and k2 is the rate constant or the ~lope of the deficit line as 
shown in the example given in Figure 3 for the data in Table I, where 
the deficit was plotted on a logarithmic scale, and time on an arith-
metic scale. 
The rea~ration rate, k2, can be obtained by drawing a line through 
the deficit points and determining the slope of the line as given by 
Equation 50. In Figure 3 the deficit is 7.0 at t = 0, and 1.35 at 
t = 20, thus 
k _ log (7.0/1.35) = 0.714 = 0 0357 hr-1 
2 - 20 - 0 · 20 · 
or 
·k2 = 24 (0.035) = 0.857 day-1 
It is essential that the deficit data plot as Q straight line, since a 
curved line is not in agreement witn the first-order rate equation, and 
in the absence of chemical and biological interference, reaerQtion 
follows first order kinetics. 
2. Calculation of Oxygen Uptake from Dissolved Oxygen Data 
In an open system for which the oxygen absorption or reaeration 
rate constant has been defined, it is possible to compute the biological 
TABLE I 
DATA USED IN EXAMPLE COMPUTATION OF·REAERATION RATE CONSTANT 
. . Inside rim = 6 rpm 
Rim Speed. Outside rim = 4 rpm 
Velocity = 0.622. fps 
Temperatu~e = 23°c 
Water Depth= 18 inches 
Barometric Pressure= 29.l inches 
c~ = [a.so - 0.1] [29.1/29.92] = s.2 mg/1 
Note: 8,5 is from ASCE Progress Report data, and 0.1 is 
correction for water u~ing sta~ch endpoint 
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· Figl,lre 3 - Typical· oxygen deficit d.ata used in deter-
. ·. mining reaeratfon ra,-te constant (plotted 
from datij in Table I). 
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oxygen uptake during any period of time from observed dissolved oxygen 
data. The computational procedure by which o2 uptake curves were com-
puted in this study is essentially the same as that used by Isaacs and 
Gaudy (2). The following sample calculations are presented as an 
illustration of the procedure. In the top portion of Figure 4 the dis-
solved oxygen concentration in both the simulated receiving stream and 
the stirred reactor are plotted against time after introduction of a 
known amount of substrate, i.e., the observed dissolved oxygen sag 
curves are plotted. The lower portion of the fig~re shows the course of 
oxygen uptake in both reactors calculated from the sag curve and the 
reaeration data. 
Tables II and III give the dissolved oxygen data together with the 
calculations required for producing the oxygen uptake curve. Columns 
1-3 show the date, hour of day, and hours from the beginning of the 
experiment. Column 4 shows the dissolved oxygen concentration for the 
respective time, and in columns 5 and 6 the temperature and pressure are 
listed. Column 7 shows the dissolved oxygen saturation concentration at 
the respective temperature and a pressure of 29.92 inches mercury. The 
DO saturation concentration, adjusted for barometric pressure, is given 
as C~ in column .8. C~ minus DO given in column 4 is the deficit, D, which 
is given in column 9. 
The rate of o2 input to the system by reaeration, given in column 
10, is calculated by the following equation: 
L\Dr - K D 51 
L\t - 2 
and the total oxygen input in time period L\t·, given in column 12, is 
ca lcu lated as 
52 
·, 
,/ ; , .. ·,· •.
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CALCULATION OF OXYGEN UPTAKE FROM DISSOLVED OXYGEN DATA FOR EXPERIMENT IN SIMULATED CHANNEL 
l .. 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
I 
DO Temp Pressure cs 
c . 
D KiD At KiD(At) ADO 12"'-]3 s I 
· Date . Time Hours mg/1_· oc in.Hg mg/1 mg/1 mg/1 mg/1-hr hr mg/1 mg/1 mg/l m9/l 
4.,. 5 2100 0 8.1 22.7 29.20 8.55 · 8.35 0.25 0.0178 0 
4 .... 6 0900 12 7.9 22.6 29.10 8.56 8.2.S 0.35 0.0250 12 0.26 -0.2 0.46 0.46 
1500 18 7.9 22.6 28.90 8.56 8.25 ·0.35 0.0250 6 0.15 0 0.15 0.61 
1900 22 7.8 22.7 28.80 8.55 8.20 0.40 0.0286 4 0.21 -0.1 0.31 0~92 
2100 24 7.6 22.8 28.80 8.53 8.20 0.60 0.0428 2 0.07 -0.2 0.27 1.19 
4- 7 0300 30 6.9 22.6· 28.70 8.56 8.20 1.30 0.0928 
6 0.41 -0.7 . 1.11 2.30 
0700. 34 5.6 22.5 28.70 8.58 8.20 2.60 0.1856 4 0.56 . -1.3 1.86 4.16 
lOOO 37 4.0 22.6 28.70 8.56 8.20 4.20 0.2998 3 0.73 -1.6 2.33 6.49 
1400 41 2.8 22.7 28.85 8.55 8.20 5.40 0.3855 4 1.37 -1.2 2.57 9.06 
. 1700 44 2.6 22.8 28.85 8.53 8.20 . 5.60 0.3998 3 l.18 -0.2 
1.38 10.44 
2100 48 3.5 22.9 28.90 8.52 8.20 4.70 0.3355 4 1.47 
+0.9 0.57 11.01 
4- 8 0300 54 4.7 23.0 28.90 8.50 8.20 3.50 0.2499 
6 1.76 +1.2 0.56 11.57 
0900 60. 5.0 23.1 29.10 8.48 . 8.25 3.25 0.2320 6 1.45 
+0.3 1.15 12.72 
1500 66 4.9 23.2 29.10 8.46 8.20 3.30 0.2356 6 1.40 .· -0.1 t~ 14.23 
2100 72 5.2 23.5 29.10 8,.42 8.15 2.95 0.2106 6 1.34 
+0.3 
1.69 15.27 12 2.29 +0~6 
4- 9 0900 84 5.8 23.7 29.30 8'.38 8.20 2.40 0.1713 11 1.61 +0.7 O 91 . 16.96 2000 95 6.5 23.7 29.30 8.38 8.20 1.70 0.1214 13 1.39 +0.4 0:99 17.87 
4-10 0900 108 6.9 23.7 29.30 8.38 8.20 1.30 · 0.0928 12 0.88 . +0.5 O 38 18.86 2100 ·. 120 7.4 23.7 29.20 · 8.38 · 8.15 0.75 0.0535 · 19.24 




CALCULATION OF OXYGEN UPTAKE FROM DISSOLVED OXYGEN DATA FOR EXPERIMENT IN STIRRED TANK 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
cs c' ~D ~Dt 
DO Temp Pressure s D At ADO 13-14 l: 
O~tg Time HQyr~ mgll oc in.Hg mgll mgll mgll mgll-hr be !llilll !llilll mgll mgll 
4- 5 2100 0 8.50 20 29.2 9.02 8.80 0.30 0.029 2 0.07 -0.10 0.17 0 2300 2 8.40 20 29.2 9.02 8.80 0.40 0.039 10 0.41 -0.10 0.51 0.17 4- 6 0900 12 · 8.30 20 29 .1 9.02 8.75 0.45 0.044 6 0.25 0 0.25 0.68 1500 18 8.30 20 28.9 9.02 8.70 0.40 0.039 4 0.19 -0.20 0.39 0.93 1900 22 8.10 20 28.8 9.02 8.65 0.55 0.054 2 0.12 -0.10 0.22 1.32 2100 24 8.00 20 28.8 9.02 8.65 0.65 0.064 6 0.52 -0.50 1.02 1.54 4- 7 0300 30 7.50 20 28.7 9.02 8.60 1.10 0.108 2.56 
0700 34 6.30 20 28.7 9.02 8.60 2.30 0.225 4 0.67 -1.20 1.87 4.43 2 0.59 -1.45 2.04 0900 36 4.85 20 28.7 9.02 8.60 3.75 0.368 3 1.19 -0.55 1.74 6.47 1200 39 4.30 20 28.8 9.02 8.65 4.35 0.426 2 0.99 -1.40 2.39 8.21 1400 41 2.90 20 28.85 9.02 8.65 5.75 0.563 1 0.61 -0.90 1. 51 10.60 1500 42 2.00· 20 28.85 9.02 8.65 6.65 0.652 1 0.63 +0.45 0.18 12 .11 1600 43 2.45 20 28.85 9.02 8.65 6.20 0.608 5 2.55 +2.05 0.50 12.29 2100 48 4.50 20 28.9 9.02 8.70 4.20 0.412 6 1.99 +l.65 0.34 12.79 4- 8 0300 54 6.15 20 29.0 9.02 8.70 2.55 0.250 6 1.29 +0.75 0.54 13.13 0900 60 6.90 20 29 .1 9.02 8.75 1.85 1.181 6 0.97 +0.40 0.57 13.67 1500 66 7.30 20 29 . l 9.02 8.75 1.45 0.142 6 0.78 +0.25 0.53 14.24 2100 72 7.55 20 29.1 9.02 8.75 1.20 0.118 12 1.36 +0.15 1.21 14.77 
4- 9 0900 84 7.70 20 29.3 9.02 8.80 1.10 0.108 . 11 l. 19 0 1.19 15.98 2000 95 7.70 20 29.3 9.02 8.80 1.10 0.108 13 1.47 -0.10 1.57 17 .17 4-10 0900 108 7.60 20 29.3 9.02 8.80 1.20 0.118 12 1.50 -0.15 1.65 18.74 2100 120 7.45 20 29.2 9.02 8.80 1,35 0.132 20.39 




where K2D is taken as the mean for the time interval At. For the first 
1.2-hour time interval the oxygen input by reaeration is 
AD ; [ 0.0178 ; 0.0250] 12 = o. 26 mg/l 
The oxygen utilization in the time interval At is equal to the 
oxygen added to the sys.tern by reaera ti on mi nus the change in dissolved 
oxygen concentration in the system. For the first time interval (twelve 
hours) the oxygen utilization is the sum of the absolute values in 
columns 12 and 13 (0.46 mg/1). Column 15 is the summation of column 14 
and the quantities listed therein represent the accumulated oxygen uptake 
of the system for the time given in column 3. The data in column 15 were 
used to plot the oxygen uptake curve in Figure 4. The time intervals in 
column 11 should be selected so that the change in dissolved oxygen is 
sma 11 over the i nterva 1 and the change in the oxygen concentration should 
be uniform over the period selected. 
In closed systems the oxygen utilization curve was generated 
directly from the observed data. 
3. Calculation of the Deoxygenation Rate Constant (First Order 
Decreasing} 
Because of the difficulty of fitting deoxygenation data to a mono-
olecular rate equation, there have been many methods proposed for 
analyzing BOD data. Gaudy, et al. (58) recently published an evaluation 
of sixteen methods that have been reported in the literature for calcu-
lating the deoxygenation rate constant from BOD data. The two most 
appropriate methods, in the writer's opinion, are those proposed by 
Tsivoglou (59), and by Isaacs and Gaudy (W)-. Both methods requite the 
; 
plotting of sufficient points to determine if the data is too scattered 
51 
to be used. 
. . . . 
The data shown in Figure 5 can be useci to illustrate the calcula-. ·. . . . .. ' :: ' . . ' 
tion procedyre when using the method proposed by Isa!ics and Gaudy (60). 
Art examination of the o2 curve indicates that a tiecreas1ng rate is 
effective. from sixty to one hundred-twenty hours. A firs~ approximation 
_of the first :sta_ge demand,_-L~~, .is takeri-as-·20.0 mg/1 .. Then, as shown 
by Isaacs. and Gaudy, the true first stage_ demand, La, for the data if it 
is to obey first qrder kinetics is 
I ·-L = L - a ·a a (53) 
where the adjustment, a, which needs to be applied to the_ assumed demand 
of L1- is given by a 
I .. I ... ( I) 2 L1 L2 ~ - L3 
(]. : ·. I . I . .. I . 
L1 + L2 "'. 2L3 -
where the L 1- values: are equal to the· BOD remaining at the respective 




t 2 = 120 hours, 
t = __ 90 hours, 3 
I -
L2 = 20-19.2 = 0.8 
. . ...· . . ... 
Lj = 20~17.5·~ 2;5 
. - 2 
_ (7.3)(0.8) - 2.5) _ -0 1 
a - 7.3 +-0.8 - 2(2.5) - - · 
La= ~o;o ~ (~0~1) - 20.1 
Knowing La, the foll owing tab:l e can be construct~d from the BOD 
data where Y is the BOD exerted at time t-(see Table II for Y values). 
(54) 
L0 =20.J L2 at T2 
20 




0 .. l---+-----r±H7h?iA+Ll~ 
0 
co 












-Y ot T . .. , . I , 
. 0 o 10 20 30 · 40 · · 50 · so 10 so gn 100 110 120 
TIME, HOURS . . 
. . 
. . . . 
Figure 5 - Oxygen uptake curve used in example calculation of deoxygenation rate constant. 
u, 
N 
Time y L -Y:: Lt a t 
--,,-
60 12.7 . 7 .4 O hours 
72 15.3 4.9 12 hours 
84 17.0 3. l 24 hours 
96 17.9 2.2 36 hours 
108 18.9 L2 48 hours 
120 19.2 0.9 60 hours 
A plot of log (L-Y) versus t gives a straight line which permits 
evaluating k1 as follows from Equation 3: 
k = log (Ll/L2) = los (7.4/0.9) = 0,37 day-1 
l t2 - tl .. 60/24 - 0 
53 
Thus the decreasing portion of the curve gives a first stage demand of 
20.l mg/1 and deoxygenation constant of 0.37 day-l. However, it is 
obvious from the figures that the entire course of o2 uptake is not 
described by first order decreasing rate kinetics (see the first sixty 
hours), and therefore only the data for the last sixty hours were used. 
4. Calculation of the Deoxygenation Rate Constant (First Order 
Increasing) 
During the log growth phase the oxygen uptake can be expected to 
follow the biological growth curve and can therefore be defined by a 
first order increasing rate function. As shown by this research, the 
rate of oxygen uptake during this phase of the deoxygenation process is 
more significant in stream degradation than the decreasing rate. The 
increasing rate can be evaluated by plotting oxygen uptake versus time 
on semi-log paper. The slope of the straight line portion of the 
54 
curve is the increasing rate constant. Hence for the oxygen uptake 
curve shown in Figure 5 the increasing rate K; is found by plotting the 
. . . . 
data from about twenty to thirty:-eight hours, which is the increasing 
rate portion of the curve, and ta;king the slope of·the line through the 
straight portion of the curve as follows.(from Equation 4 or 5): 
K = ln(6~5/2:19) = 0156 hr-1 i · 37 ,;. 30 • .· · . 
or 
k. = lo.g (6.5/2.l9) = ·o -068 h:r-1 = l 62 day·-1 i · · 37 - 30 . · · . • . . • · 
The increasing rate;of oxygen uptake is 5.5 times greater than the 
decreasing rate for the same experiment. Hence it appears evident that . 
this rate is more important in the deoxygenation of the receiving stream. 
CHAPTER IV 
LABORATORY EQUIPMENT, EXPERIMENTAL PROCEDURES, AND METHODS OF ANALYSIS 
A. Laj)orato:rt Egui ement 
"! • Oxygen Sol ubi 1 ity Experiments 
Two pyrex battery jars with ·inside diameters of eight inches and 
eighteen inches deep were used as aeration vessels. For experiments 
conducted above 15°c, a 30 11 x 15 11 x 15 11 water bath was used with a 
Precision Scientific Lo-temptrol temperature control unit. This unit 
contafos both heatfog and refrigeration systems, and gave very sensitive 
temperature control. 
Four 3/411 baffles were spaced equally d'istant along the wall of· 
the aeration vessel. The water was stirred with a 2\11 diameter 
stainless steel marine impeller. The impeners were driven by a 
Ughtin Model V7 mixer. A Superior Electric Company Powerstat was used 
to control the motor speed. 
A refrigerator was used for temperature control in the experiments 
conducted below 15oc. The shelving was removed from a household refrig-
erator. and the aeration vessels along with the stirring equipment were 
placed inside, Two thousand cc of air/min was added to the refriger-
ator to ensure a constant oxygen pressure, 
A model RC 16 BC Conductivity Bridge manufactured.by Industrial 
Instruments was used with a conductivity cell having a constant of 0, 1 
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for measuring conductivity. pH was measured by a Beckman Zeromatic pH 
meter. The barometric pressure was obtained at the time of sampling 
from a recording barometer manufactured by the Taylor Instrument Com-
pany. The recording barometer was routinely checked against a standard 
mercury barometer in themeteorology department at Oklahoma State 
University. 
2. Reaeration Experiments 
The simulated channel .used in this research was the apparatus 
developed by Isaacs and Gaudy {2) at the Oklahoma State University 
bioengineering laboratories. The apparatus is constructed of fiberglass 
·and consists of a flat-bottomed cylinderical channel, as shown in 
Figures 6 and 7, having an inside diameter of forty-seven and five-
eighths inches arid an outside diameter of seventy-three and three-
quarter inches. Rotating inner walls which extend nearly to the. bottom 
of the channel provided a rectangular cross-section of flow having an 
inside diameter of forty-eight inches and an outside diameter of 
seventy-three inches. These rotating shell walls are independently 
belt-driven by 3-phase, 1740 rpm motors with Reeves Vari-speed pulleys, 
The drive for each wall also provides for interchange of pulley ratios 
at two posi.tions, thus giving high flexibility in the selection of.wall 
speeds. The apparatus provides a rectangular section of flow twelve 
and one-half inches wide with any depth up to eighteen inches. 
The velocity of flow was determ,ned in the simulated channel by 
use of an A. Ott small current meter {Model Cl). The meter was sup-
ported by a template which was permanently attached to the frame of the 
apparatus. The template positioned the meter horizonatally, and the 
vertical position was achieved by adjusting the meter pole in the 
F igure 6 - Photogra0h of simulated channel 
apparatus. c:J1 ~ 
A ....._ ___ _ 
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The mechani ca lly-agi tated reactor was a fl at-bottomed cyl i ndri cal 
pyrex vessel having a diameter of fifteen and one-quarter inches, and a 
depth of eighteen inches. Four stainless steel baffles which extended 
radially into the vessel one and. one.fourth inches were equally spaced 
around the vessel. The mixing was provided by a four-inch square pi:tch 
marine impeller on a ·vertical shaft and positioned in the center of the 
reactor. The impeller was on the end of the shaft~ and was positioned 
seven and one-half inches frohl the reactor bottom. Both impe 11 er and 
shaft were stainless steel. The impeller was driven by a one-quarter 
' 
horsepower motor together with a meta 11 i c tract ion-type compound 
planetary transmission having an output speed of O to 1100 rpm. 
Impeller speed was regulated by means of a micrometer control. The 
drive was calibrated in use by means of a Strobotac (type No. 631-BL, 
General Electric Company, Cambridge, Mass.). A photograph of the unit 
is shown in Figure 8. 
Oxygen monitoring equipment consisted of the arrangement shown in 
Figure 9. Water was pumped from the bottom of the aeration chamber 
through a one-fourth inch rubber hose by means of a sma 11 centrifugal 
pump having a moulded rubber impeller and pump chamber. From the pump 
the water was passed through a one and one-half inch diameter by two 
and one-half inch high plexiglass chamber into which a Precision-
Scientific lead-silver oxygen probe was inserted downward to within 
about one inch from the chamber bottom. A teflon-coated one and one-
fourth inch magnet and a Sargent magnetic stirrer were used to ensure 
an adequate velocity across the face of the probe. The water entered 
near the bottom of the plexiglass chamber and was returned from the top 
Figure B - Photograph of stirred ta nk apparatus, 
oxygen moni t oring equ ipment, and water 
bath u sed i n deoxygenation ex per iments . 
a, 
0 
D.O. Probe,_.. · •· 
Plexiglass Celt--. - . · .· 
Mag. Stirrer ...... CJ 
To M:icroo~meter ond Recorder 
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Figure 9·- Schematic diagram of stirred r~actor and 
oxygen monitoring arrangement. 
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of the chamber to the bottom of the reactor., The hose used in the 
stirred tank was attached to a baffle to prevent any interference with 
62 
. the flow. Spacers -were placed on the bottom of the plexiglass chamber 
to provide a one-fourth. inch air space between the magnetic stirrer and 
the chamber to prevent heating the chamber. The following data are 
. . . . . 
-. presented to give an indication of the amount of heating Which can be 
'. ·. . : .· . . .· . 
realized from using a magnetfo st:irrer: A 250 ml bea~er containing 100 
. . .. 
. . 
ml water at a room temper:ature · of 24°C was placed· on a- Sargent magnetic 
. . 
'stir~er and the speed was adjusted-to the midpoint of the scale. A one .. 
and one-fourth inch teflori magnet was use<::!· for mixing. After one hour 
the water temperature. was 34°c>and after' two hours the temperature was 
' ·. . . . ' .. . . . . 
· 36°c, which. was 120 above the room temperature. - Hence, with out proper 
. .·,. '· .· •' ·. . ··.' . .· .. ·.. . . . '. . .· 
isolation, the magnetic stirrer can·cause a considerable i_ncrease in the 
: •' '• I' ' ' ' '., 1 ' , , ' 
temperature of the .. contents ,of a stirred bottle. 
The same procedures Were used with the simulated channel to monitor . 
o2 concentration, except. that nipples were placed in the channel bottom 
and the water was withdrawn and returned. to the channel bottom. The 
monitoring systemwas .completely ~]osed, offering no opportunity for any 
reaeration to occur. The _nipples inthe channel were nush with the 
bottom to prevent an,y . interference with the fl ow. Sargent Model SR 
st,ripchart recorders were:usedto monitor the dissolved oxygen concer:i-
trati-0n continuously. 
A two and three-fourths inch diameter fan was used to pun air 
. . 
across the sfirred reactor to ~nsure a constant oxygen pressure at the 
surface. T.he re.actor vessel was placed in a water bath, and a Precision 
Lo-temptrol unit was used for temperature control. 
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3. Deoxygenation Experiments 
The simulated channel.and stirred tank reactor, together with the 
' . . . . . . 
oxygen monitoring and.recordjng arrapgement .and th~ temperature control 
' ' ' 
· unit used in these experiments, were the same as prev.iously described 
for the ,reaeration experiinel'.ltS.' A l211 x 36 1.1 x 1311 deep covered water ' 
. . . . 
bath used for incubating the 2.4 liter bottles used in these experiments 
is shown in .the right-hand portion of Figure 8. The water bath also 
provided a. water seal·. for. the bottles. 
B. Experimental Procedures · · 
1. Oxygen Solubility Studies 
At the beginning.of each ·experiment the two pyrex vessels were 
· cleaned, :rfosed with di.stilled water,'' and filled with twelve liters of 
water· (14.6-inch depth)~·.· onevesse1 was filled with distilled water, 
and the other with water from the coll tap in the laboratory •.. Samples 
were taken at the beginn.ing of the experiment for chemical analysis 
. . . . 
bf the water, if analyses were to be made.·. The vessels were then 
either placed in the water bath or the refrigerator; depending on the 
temperature to be used. 
. . .. 
The water was aerated for at• least seventy-two hours before samples 
were taken for dissolved oxygen analysis. Samples were withdrawn by 
' ' 
siphoning through a.latex rubber .hoie directly into a standard BOD 
bottle. Three bottles were filled froni each a~ration vessel by allow-
ing about 500 ml to overflow before adding 2 ml ,Of manganous sulfate 
. ' . . 
solution and 2 ml of alkali-iodide~azid~ reagent. After addition of 
. . '. . ·. . . 
these reagents, the bottle was immediately.capped and vigorously mixed. 
The reagents were added with calibrated automatic pipets. The 
64 
precipitate was permitted to settle to approximately the midpoint of the 
bottles before they were shaken again and the preci,pitate allowed to re-
settle. Two ml of concentrated sulfuric aGid were then added to each 
bottle, and the contents mixed. A volumetric flask was used to transfer 
203.0 ml to a 500 ml beaker for titration. A magnetic stirrer was used 
to provide agitation during the titration .... 
In all experiments samples were taken at 24-hour intervals u~til 
equilibrium Conditions had been assured~ Saturation conditions were 
assumed to preva.il when the. same satulation value was obtained on at 
. . . . 
least two successiv·e day~ after the results had been corrected for baro- · 
metric pressure. This procedure gave a minimum aeration period of five 
days for all experiments. 
Several experiments were conducted by Supersaturating the water 
u.sing compressed oxygen at the begin.ning of the experiment. Sampling 
. ·. . 
was not started for these ~xperiments until·. after.ninety-six hours. fol"'." 
. . . . 
lowing supersaturating, This was done because it was found that a longer 
period was required to re.ach equilibrium conditions from the supersat-
urated condition than from a condition.of near saturation as found in 
the tap.water. 
2. Reaeration E~periments .·. 
The simulated channel and stirred tank were filled to the required 
. . . . 
.depth with water from the cold tap in the laboratory. The rotating 
: . ·. ·. . . . . . 
walls of the simulated channel were adjusted to the required speed by 
counting the revolutions for a 10-minute period. In all cases the walls 
were adjusted to give the same linear speed which gave an angular speed 
ratio for the two walls that was inversely proportional to the wall 
diameter. This gives an inside wall .angular speed that is one and one-
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half times greater than the outside wall speed. 
Mean flow velocity in the simulated channel was then determined 
using an A. Ott small current meter (Model Cl). Velocity measuring 
·points, shown in Figure 12, were located so that all measurements repre-
sent equal areas of ·.flow. The mean velocity was the average of 2-minute 
measurements taken at twenty-four positions for the 18-inch depth and at 
sixteen positions for the 12-inch depth. This is an extension of the 
procedure referred to in stream gauging as the 11 mid-section 11 method. 
During periods when the tap water was below 20°c, hot water was 
mixed wi.th the cold tap water to give a starting temperature of approx-
imately 21°c, which was near an equilibrium condition with the laboratory 
temperature for the unit. The water was then aerated for twelve hours 
before adding O. 02 mg/ 1 cob a 1 t ch 1 ori de ca ta lys t, f o 11 owed by the add i -
tion of sufficient sodium sulfite to remove 8.0 mg/1 of oxyg.en. 
The dissolved oxygen concentration was monitored continuously and 
recorded from before removing the oxygen until the end of the experiment. 
Samples were analyzed for oxygen content at sufficient intervals through-
out the experiment to provide an accurate record of the sensitivity of 
the recording equipment. The simulated channel was emptied and cleaned 
before proceeding with another experiment. 
The same procedure was used with reaeration experiments conducted 
in the stirred tank as was used w:i.th the simulated channel. However, 
most of these experiments were conducted at a controlled temperature by 
using a water bath and temperature control unit; The degree of agita-. 
· tion was controlled by adjusting the impeller speed. 
3. Deoxygenation Studies 
The mean velocity and channel wall speeds for the channel simulator 
and the temperature control together with the degree of agitation for 
the stirred tank were established for these experiments in the same 
manner as given for the reaeration experiments. 
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· Seed was collected on the evening prior to starting an experiment, 
and aerated over night in the laboratory by diffused air. The stirred 
reactor was also washed, filled with water, and reaerated overnight 
before starting an experiment. The simulated channel was washed, filled 
with water, and operated for about two hours with a strong solution of 
sodium hypochlorite to prevent biological solids carryover from one 
experiment to the next. The unit was then emptied, rinsed down with a 
hose prior to filling and aerating overnight before starting an experi-
ment. Orthotolidtne was used to check for any chlorine residu~l in the 
water before starting an experiment. 
The following salts were also added to the reactor waters ten to 
twelve hours prior to·starting an experiment: 
(l) ml/l phosphate buffer solution 
(2) ml/1 magnesium sulfate solution 
(3) ml/1 calcium chloride solution 
(4) 1 ml/1 ferric chloride solution 
(5) 0.4 ml/l ammonium sulfate solution. 
These solutions were prepared in accordance with Standard Methods (3) 
except for th~ ammonium sulfate solution, which contained 50 gr/1 
(NH4)2so4. Four-tenths ml/1 of this solution was added to the open 
systems to provide additional nitrogen, since the substrate concentration 
in the reactors was higher than what is found in the BOD bottle. The 
BOD bottle dilution water was also aerated overnight by gently stirring 
with a marine impeller. Tap water was used and the required salts were 
. ' 
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added in accordance with procedures given in Standard Methods. The 
water was mixed in a glazed ceramic vessel having a capacity of 30 liters. 
At the start of the experiment in the open system, 5 ml/1 of the 
the seed material were added fo 11 owed by the addition of the substrates. 
The glucose was added from a standard solution containing 50 gm/1. 
Because of its low solubility, a suitable stock solution of the glutamic 
acid was not found feasible, and it was added directly to the reactor 
in the desired;concentration. The contents of the reactors were mixed 
for about fifteeri minutes before taking initial samples. 
Samples were taken from a tee connection in the circulating system 
used in monitoring dissolved oxygen content (see Figure 9). DO was 
determined at each sampling period by the Winkler method to provide a 
frequent standardization of the probe and recorder. A sample was also 
obtained for the fo 11 owing analyses: COD, an throne, vi ab l.e count, 
optical density and, for some of the experiments~ microscopic examination. 
The stirred tank reactor was always operated at a speed of 184 rpm 
and depth of fifteen inches, giving a.volume of 46 liters. The channel 
reactor was operated at a velocity of 0.49 fps and a depth of eighteen 
inches, giving a volume of 670 liters. 
Five ml/1 of seed and the substrate were ~dded to the BOD dilution 
water at the same time as they were added to the open reactors. The 
contents were mixed, and ten 2.4 liter and fifteen 300 ml bottles were 
filled by siphoning through a rubber hose. Initial dissolved oxygen 
content was determined and a sample was taken for COD, anthrone carbo-
hydrate, viable count and, for some experiments, microscopic examination. 
The ten 2 . .4· liter bottles were incubated in a water bath at 20°c. Five 
bottles were incubated under stirred conditions, and five were incubated 
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under quiescent conditions. The 300 ml BOD bottles were incubated in a 
BOD incubator at 20°c. 
Samples were taken from the open systems for analyses at sufficient 
frequency to show the course of the biological and physical processes. 
During the 1 ag p,eri od the frequency was twe 1 ve hours, and during the 
log growth and plateau phase the frequency was much greater in order to 
follow the rapid changes, After the plateau the frequency of sampling 
was again decreased to twelve hours. 
In the 300 ml BOD bottles dissolved oxygen concentration was deter-
mined at 12-hour intervals. The contents of a mixed and a quiescent 
2.4 liter bottle were analyzed every twenty-four hours for dissolved 
oxygen, COD, anthrone carbohydrate, viable count and, for some experi-
ments, microscopic examination. 
The seed used in experiments G, H, I, N, and O was grown up from an 
original sewage inoculum on the substrate to be used in a specific exper-
iment. The culture was acclimated by repeated feeding of the substrate 
over a 7-day period. A three liter volume of seed was fed 50 mg/1 of 
both glucose and glutamic acid daily for one week. Salts and buffer 
were also added daily, and the reactor was aerated and mixed with dif-
fused air during the acclimation period.· The same procedure was used to 
accl:imate sewage seed to milk with 50 mg/1 of non-fat dry milk solids 
being added daily. Experiments Hand O were seeded with an acclimated 
seed containing a hay infusion. Jahn (61) has reported that the proto-
zoa which feed mostly on bacteria 111ay be helped by adding a little 
boiled hay infusion prepared by boiling a small quantity of hay in 
water. The ref ore, a 1 iter of the extract obtained from boiling hay was 
added·: t.o the seed used in these experiments at the beginning of the 
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acclimation period. The extr~ct had the color of strong tea. 
4. Oxygen Uptake in Experiments Conducte.d with High Initial Oxygen 
\, . . 
Tension 
Di.lution water was prepared in a 50 liter pyrex jar, using tap 
water and the buffer and salts.as given in Standard Methods plus 0.4 ml 
(NH4)2so4 from a.·standard solution containing 50gm/l of the salt. The 
water was oxygenated for about·thirty minutes using compressed oxygen 
applied through three glass dlffusE1rs placed around the vessel at about 
one-third the radius from .the.vessel wa 11 •.. · Seed and sufficient sub-
strate were added.to giv~.the required concentration for system A. After 
a brief mixing the bottle~ were filled for this system.· .After filling .. 
the bottles for system A, additional· .substrate was th.en added to the 
remaining 1 iquid·. to giye the required increase in .substrate concentration 
for system Band the bottles for the second system were filled. This 
procedure,was·c~ntinue~-forth~·thil"d and'fourth systems. 
' ' 
Three 3/8 inch diameter late~ hoses were used conturrently. as 
siphons in filling the bottles which were filled and capped as rapidly 
. . . . . 
as possiblesoas to give uniform·conditions in all bottles within a 
system. Vigorous aeration· was continued unti 1 a 11 bottles were fi 11 ed. 
A bottle from each system was analyz~d for initial.DO, and good agree-
ment was found for the initial dissolved oxygen concentration in the 
four systems. It was possible to get about 35 nig/1 of oxygen in solu-
tion using this procedure. The bottles were incubated at 20°c fn a 
standard BOD incubator.· 
C. Methods of Analysis 
l . - Chemical Oxygen Demand (COD) 
The COD procedure employed in this research was the same as the 
alternate procedure given in paragraph 4.6, Section IV, of Standard 
Methods (3), except 10 ml of 0.04 N standard potassium dichromate was 
added to each flask, and 0.04 N ferrous ammonium sulfate was used in 
the back-titration. Mercuric sulfate and silver sulfate were used in 
all experiments. The dichromate solution and mercuric sulfate were 
added to the flask before adding the 20 ml sample; When sufficient 
samples were obtained for refluxing, sulfuric acid containing silver 
sulfate catalyst was added prior to refluxing. 
2. Anthrone Carbohydrate 
The concentration of carbohydrates was determined by the anthrone 
test as proposed by Gaudy (62). Nine ml of anthrone reagent plus a 
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3 ml sample were employed. Samples were filtered through a 0.45µ filter 
at the time of collection and immediately frozen until the termination -
of each experiment. The samples for the entire experiment were then 
thawed and analyzed! Glucose standards were run with each set of 
analysis. Optical density was read at 620 mµ. 
3. Biochemical Oxygen Demand (BOD) 
The procedures used in this research were in accordance with thtise 
outlined in Standard Methods (3). _ The Winkler method with the azide 
modification was used in all dissolved oxygen determinations. 
4. Optical Density 
Optical density measurements were obtained for samples from the open 
systems using a Bausch and Lomb Spectroni c 20 Spectrophotometer at 
540 mµ and a 3/4 inch diameter sample tube. 
5. Viable Counts 
n 
Samples .were taken directly from the respective units, using 
sterile pipets for making s~rial dilutiqns for plating •. Difeo nutrient 
agar with 0.5 per cent Bacto agar. added was used in all cas.es .. The spot 
. . . . : . 
plate technique (63) was used in all experiments. Four 0.02 ml spots 
. . . .. . . . . 
from each of three d'ilutions from one sample were applied per plate. 
The plates· were ·incubated at 25°C for forty-eight hours before counting, 
. . . .· . . ' . . . . 
using a Quebec Crilony Counter. All media, glassware, and equipment used . . . . 
in the viable ·count studies We;e sterilized· in accordance with. proce-
dures given in Standard Methods (3). 
. . , 
6. Microscopic.Counts of Protozoa 
. . . . . ; . 
. Protozoa counts ·were :made with. a lightfield.·microscope at 125 
m,rnnificationusing a Sedgwich-R~ftercoundng ~ell. The microscope 
used gave a field of view r mm x l mm at this :milgnificatton and the 
. . . . . . ' . . . . . . .. ·. . . . 
· depth of the counting ·cell was l mm. Therefore each field represented a 
. ' . . .· . 
volume of lo ~3 cc. The count was taken as . the average of twenty fie 1 ds .. · 
from random· positions of the cell times 1000. 
7. Chemical Analyses of Tap Water 
The routine chemical ana.lyses consisting of free acidity, alkalin-
ity, chlorides, and pH were made in accordance with procedures given in 
Standard Methods (3). 
CHAPTER V 
RESULTS· 
A. Oxygen Solubility 
Seventy experiments were c;onducted on the solubility of oxygen in 
distilled and tap water. The data represent results obtained from trip-
licate samples taken after equilibrium conditions had been established. 
Figure 10 shows the algebraic.difference tn the observations of this 
research and the oxygen saturation concentration reported by Standard 
Methods (3), Truesdale and his associates (4), and the ASCE Progress 
Report (5). 
The solubility of oxygen in water observed in this research lies 
between the values reported by Truesdale and his associates and those 
given in the ASCE Progress Report for temperature~ less than 20°c. From 
twenty to 25°c the results of this study were essentially in agreement 
with those of the Truesdale study. At 30° the results of this study 
were in agreement with values reported in the ASCE Progress Report, and 
about 0.21 mg/1 lower than values reported in Standard Methods. Figure 
11 shows a plot of the o2 solubility values found in this study and the 
reported so 1 ubil iti es from Standard Methods, the Truesdale group, and 
the ASCE Progress Report. The curve for .Standard Methods was not 
plotted for temperatures below 12°c, since the values are essentially 
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0 4 8 12 16 20 24 28 32 
TEMPERATURE, °C 
Figure 11 - Oxygen solubility in distilled waterat760 mm 
pressure as r~ported from the indicated study. 
. . . 
. . 
A ieast sq~ores analysis of the results of ~he present research 
gave the following equation for the solubility of oxygen in distilled 
water or the tap water used in,this research: 
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C = -·~44_5_. -· 
s ·30.2 + J (55} 
where Cs is the oxygen solubility in mg/1, T isthe temperature in 
. degrees centigrade.· The standard error of estimate was 0.08 mg/1 for 
· the data. 
Tiible IV gives calculated oxygen solubilities based on the above 
. . . . . 
. equation, as. well as those reported· by three other sources. 
Table V gives the chemical analysis of tap water from the Oklahoma 
State University water system which was used in this study. Conductivity 
. . . 
measurements w~re made on the distilled ·water over a period of several 
months., and it was fovnd to vary from about 1,1 to l. a mi ~romhos. 
. ' . 
B. · Reara tfon · 
l .. Simulated Channel 
Thirty:..two reaeration_experiments·were conducted to'establish_the 
. . ; . . ·.. . .. . 
reladonship.between mean velocity qnd the reaeration rate constant. 
. . ·. . . . 
This relationship has bee~ previously reported by lsa~cs and Gaudy (2); 
however, the rims on the revolving walls were replaced during the 
. . . .. . 
interim which existed between .. that reseatch and the present research • 
. · Therefore it was necessary that the relationship be _re-establ ishec;i,. 
Twenty-:-four mean velocitymeasµrements were made during the reaera_; 
. . . 
tion experiments. Several velocity measurements were made at each wall 
speed and water depth l)Sed in this study so as to give velocity data 
from before and after each set o( experimen.ts. 
Table VI shows the point velocity values obtained at t_hree wall 
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· TABLE IV· .. 
. . ·. 
SOLUBILITY OF· OX'vGEN IN DISTILLED WATER AT 760 mm PRESSURE AS · 
REPORTED BY INDICATED STUDY . . . 
· Temp. This Truesdale ASCE · Standard oc .. Stud~:·. ·. · Studi Reeort .·.Methods.· 
0 14~73 
,, 
14.16 14.65 14.6 
1 14.26 '' l3.,77·, 14.25 ', 14. 2 
2 13.82 13.40 · 13.86 13.8 
3 13.40 13.05 13.49 13.5 
4 13.bl 12.70 13.13 13. 1 
,, 
5 12.64 ,, 12.37 12.79 12.8 
'' .6 . 12;29 12.06 12.46 12.5 
7 1 l.97 ,' 11. 76 12 .14 12.2 
8 ·.11 .6.5 , 
'' 
11.47 11 .84 11 . 9 
9 n .36 lL 19. 1L55 11.6 
10 11.07 '' 10.92. 11.27 11 .3 
11 · 10,81 10.67 · ll.00 11. l 
12 :10~55. 10.43 . . l O. 75 10.8 
13.' ', l0.'31 l0~20 l0.50 10.6 
14 10.07 9.98 10.26 10.4 
15. . 9,84 9.76 10.03 . l0.2 
16 9.63 · 9.56 ,·· .. 9.82 10.Q 
17 ', 9.43 9.37 9.61 9.7 
18 ,', 9,23, 9. 18. 9;40 9.5, 
19 9.04 .9.01 .,, 9.21 9.4 
20. 8~86, 8.~4' 9.02 9.2 
21 8.69 · 8.68: 8.84 9.0 
22 8.52 8.53 8.67 8.8 
23 · 8.36 .8.38 8.50 8.7 
24 · 8 .. 21 .8.25 .8 .. 33 8.5 
25 8.06 8.11 ·· 8.18 8.4 
26 7.92 7.99 8.02 8.2 
27 7.78 7.86 ,' 7.87. 8.1 
28 7.65 7. 75. ,7. 72 7.9 
29 7~51 7.64 '7.58 7.8 
30 7.39 7.53 . 7A4··. 7.6 
TABLE V 
CHEMICAL ANALYSES OF TAP WATER 
Date ( 1967) 6-19 6-23 . 7-15 7-20 8-]6 8-28 ·9~7 
Acidity 
mg/1 as caco3 3.2 8.6 7.5 5.2 3. l . 5.3 4.0 
Alkalinity 
mg/1 as Caco3 160 154 133 143 91 152 118 
Chlorides 
mg/1 as Cl - 80 82 66 80 69 80 66 
pH 7.85 7.6 7.5 7.7 7.5 7.6 7.6 
Conductivity 
micromhos 600 550 540 560 560 540 
Conductivity of distilled water ::: 1.1 to 1.8 micromhos. 
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. TABLE VI 



























2 Depth .18 Depth 
. Rim Seeed Rim Seeed 
· ·.·674::. 9-6 · · 12.;;8 . 4.5-3 6-4 9-6 12-8 
0.614 , .· 0.872 l. 194. 0.492 0.616 .· . 0.962 l.228 
· o. 635 . 0. 830 . l. 228 . 0.501 0.611 0.933 1. 291 
0·.645 · · · · o. 859- · ,, · ,, -l·;>268'· , · · ··0·.511 · .. 0.629 . 0.930 l.319 
0.687. 0.949 .· 1.325 0.526 0.648 0.949 l.342 
0.549 0.669 0.954 1.399 
0.566 · 0.727 0.999 1.455 
0.595 .. 0.817' . · l, 154 0.477 0.616 0.843 l. 171 
0.585 0.804 1.126 0.482 · 0,616 0.856 l. 183 
0;603 · o;s25 · 1.154. 0.488 0.606 0.846 l. 211 
·o.624 0.901 · . 1,200 0.496 0.611 0.869 l .228 
. 0.499 : 0.598 .Q.901 1.256 
0.51,7 0.648 .0.904 1. 291 
,. 
0.574 0.817 0.465 
. . 
·. l.114 0~608 0.862 l. 165 
0.561 o.a14 L09l 0.458 0.582 0.822 l.137 
0.553 0 .81~ 1.097 0.452 . 0 .585 o. 785. · 1.137 
0.550 0.817· · '. l .l03 0.458 0.585 0.804 1.143 
0.463 0.587· 0.896 1.160 
0.475 0.608 0.888 1.171 
-.. · 
0.606 0.872' l.171 0.484 
·' 
0.632 .0.904 1. 205 
0.611 0.875 .l.205. . 0;475 · 0.616 0.893 · l.200 
·o.585 · 0.862 · l.165 0.480. 0,608 0.869 1.222 
0.598 0.864 · L l~O 0.475 0.627 0~906 1. 257 
.0.477 0.619 0.880 1. 262 
0.496 0.645 0.935 1. 257 
0.607 · Q.(349 l.17 OA90 0.621 0.891 l. 237 
Note; Rim speed is given in revoluUons per minute. for· 
insid~ and outsiderims. 
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speeds for both a twelve and 18-inch water depth. The positions of the 
velocity measurements are shown in Figure 12. The velocity data given 
in Table VI indicate that the velocity did not vary greatly over the 
channel cross-section. The highest point velocities were observed near 
the channel walls and near the surface, while the lowest velocity 
occurred near the center and at the bottom of the channel. The same 
type of vertical velocity distribution is found in natural streams. 
Excellent agreement was found between successive velocity measurements 
at a point at any given wall speed. 
Table VII gives a composite of the calculated mean velocity values 
together with the average velocity for each depth and rim speed used in 
this study. The average mean velocity was used in the reaeration rate 
constant determinations since the average value from several measure-
ments is more nearly the true velocity than any single measurement. 
The composite data for the thirty-two reaeration experiments con-
ducted in the simulatro channel are given in Table VIII. The data are 
listed by velocity-depth groups consistent with the designations used in 
Table VII. Column 3 in the table gives the inside wall and outside wall 
rotational speed, respectively, in revolutions per minute. The velocity 
data given in column 6 are the average values for the respective group 
of measurements. The kinematic viscosity values as given in column 7 
may be found in most textbooks and reference books related to fluid 
properties. Column 8 gives the hydraulic mean depth or hydraulic radius 
which is the area of flow divided by the wetted perimeter. The Reynolds 
number, NRe' is the ratio of inertia to viscous forces and is given by 
the following equation: 
N = UOp = UD 
Re µ v (56) 
D C B. A 
J..!i 3-a-
·.·+·•·.····.·· ···+ 
·+··· . .· . · .. 
w.s .. 
.··+·· . . . ' . ' . . . . . . . 
. . · Outside Rototjng ·· ·. 
. ·. Shen WoH .. . . 
. lnsid~ · .· Rotating. 
+ 
+ .. · 
,. · ... ' ·, . 
·· She 11 Wa II ___,..,...~--...;.....____..__. 
. +.··· . . . . . . .. ·:·.+.·· ··+.·.·· .. ·."' ·. ·. ,· ' . .' . .. . ·+··· . . · .. ·.. . ... 
+ ··+···· .... +· + 
· .. Circular Cyltndricol Tonk~ 
. . . . . . . . . . 
Figyre 12 - Velocity measuring points for simulated 
channel. . · 
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MEAN VELOCITY FOR.SIMULATED CHANNE~ 
Group Exp .. Rim 
No. No. ·. Seeed Dee th Ve l OCitj'. 
l 4.4-2.9 18". 0..474 
A 2 0.465 3 0.460 
Average 0.466 
l 4.5-3.0 1811 0.490 
B 2 0.490 3 0.490 
. Average 0.490 
l 6-4 12" · 0.596 
c 2 0.607 .3 0,600 
Average o'.601 
1 ·6-4 ·.··· .18." 0.614 
2 0.624 
D 3 0.627 4 0.622 
5 0. 621 · 
Average 0.622 
1 9-6 12" · 0.842 
E 2 0.849 3 0.882 
Average 0.858 
1 · 9-6 · 1a·· 0.891 
F 2 .. 0.896 .· 3 0.888 
· Average 0.892 
G l 12-8 12
11 1. 17 
Average l. 17 
l ·12-8 1811 1.246 
·H 2 l. 253 3 1.237 
Average 1.245 
TABLE VIII 
COMPOSITE DATA FOR REAERATION EXPERIMENTS IN SIMULATED CHANNEL 
2 3 4 5 6 7 8 9 ---.-0 11 12 13 14 15 16 17 
# # Rim Depth Temp Vel. 
\I x l05 
R 
NRe G Gxl0- 3 K2-T K2-20° k2-20° 
G/H3/2 
Groue Exe. seeed* ft oc fes ft2/sec feet x 10-4 f Sec-l hr-l hr-l hr-1 . hr- 1 xl0-3 U/:-13/2 
1 6 -4 1.0 21.4 0.601 1.046 0.343 1.97 0.0189 11.96 43.06 0.154 0.149 0.0647 43.06 0.601 
c 2 6 -4 1.0 21.6 0.601 1.046 0;343 1.97 0.0189 11.96 43.06 0. 153 0. 147 0.0638 43.06 0.601 
3 6 -4 1.0 21.8 0.601 1.046 0 .343 1.97 0.0189 11.96 43.06 0 . 150 0.145 0.0630 43 . 06 0.601 
4 6 -4 1. 5 23.0 0.622 1.012 0.386 2.37 0.0181 11 .81 42.52 0.083 0.077 . 0.0334 23 .15 0.339 
D 5 6 -4 1.5 23.3 0.622 1 .012 0.386 2.37 0.0181- 11 .8·1 42.52 0.083 0.077 0.03j4 23. 15 0.339 6 6 -4 1. 5 23.0 0.622 1.012 0.386 2.37 0.0181 11 .81 42.52 0. 087 0 . 081 0.0352 23. 15 0.339 
7 . 6 -4 1. 5 23.0 0.622 1.012 0.386 2.37 0.0181 11.81 42.52 0.086 0.080 0.0347 23.15 0.339 
8 9 -6 1. 5 23.8 0.892 0.992 0.386 3.47 0.0168 19.73 71.03 0. 137 0.125 0.0543 38.67 0.486 
F 9 9 -6 1. 5 23.6 0.892 0.992 0.386 3.47 0.0168 19.73 71.03 0.136 0.125 0.0543 38.67 0.486 10 9 -6 1.5 23.9 0.892 0.992 0.386 3. 47 0.0168 19.73 71 .03 0. 132 0. 121 0.0526 38.67 0.486 
11 9 -6 1. 5 24 .3 0.892 0.992 0.386 3.47 0.0168 19.73 71.03 0.128 0.116 0.0504 38.67 0.486 
12 9 -6 1.0 23.3 0.858 l.039 0.343 2.83 0.0175 19.70 70.92 0.232 0.214 0.0929 70 .92 0.858 
E 13 9 -6 l.O 21.9 0.858 l .039 0.343 2.83 0.0175 19.70 70 . 92 0.230 0.220 0.0955 70.92 0.858 
14 9 -6 1.0 21.9 0.858 l .039 0.343 2.83 0.0175 19.70 70.92 0.213 0. 2.04 0.0886 70.92 0.858 
15 12 -8 1. 5 21.9 1 .245 l .039 0.386 4.63 0.0159 30.92 111.31 0. 143 0. 137 0.0595 60.59 0.678 
H 16 12 -8 1. 5 21.8 l .245 1 .039 0.386 4.63 0.0159 30 .92 111. 31 0.147 0. 141 0.0612 60.59 0.678 
17 12 -8 1. 5 22.0 l.245 l.039 0.386 4.63 0.0159 30.92 111 .31 0.158 0.151 0.0656 60.59 0.678 
18 12 -8 1.0 22.0 1.17 1 .041 0 .343 3.85 0.0165 30.44 109.58 0.299 0.285 0. 1237 109.58 1. 17 
G 19 12 -8 1.0 21.8 1.17 1.041 0.343 3.85 0.0165 30.44 109.58 0.304 0.291 0. 1264 109.58 1. 17 20 12 -8 1. 0 21.8 1. 17 1. 041 0.343 3.85 0.0165 30.44 109.58 0.299 0.286 0.1242 109.58 1.17 
21 12 -8 1.0 21.8 1. 17 1 .041 0.343 3.85 0.0165 30.44 109.58 0.292 0.279 0.1212 109.58 1.17 
22 4.5-3 1. 5 23.2 0.49 1 .006 0.386 1.88 0.0191 8.50 30.60 0.069 0.064 0.278 16.66 0.267 
23 4.5-3 1. 5 23 . 2 0.49 1.006 0.386 1.88 0.0191 8.50 30.60 0.074 0.069 0.0300 16.66 0.267 
B 24 4.5-3 1. 5 23.2 0.49 1.006 0.386 1.88 0.0191 8.50 30.60 0.070 0.065 0.0282 16.66 0.267 
25 4.5-3 1.5 23.2 0.49 1.006 0.386 1.88 0.0191 8.50 30.60 0.071 0.066 0.0287 16.66 0.267 
26 4.5-3 1. 5 23.2 0.49 1.006 0.386 1.88 0.0191 8.50 30.60 0.071 0.066 0.0287 16.66 0.267 
F 27 9 -6 1. 5 23.5 0.892 1 .001 0.386 3.44 0.0168 19.64 70.70 0.134 0.123 0.0534 38.49 0.486 
F 28 9 -6 1.0 20.8 0.858 1.067 0.343 2.76 0.0176 19.48 70.13 0.212 0.208 0.0903 70.13 0.858 
D 29 6 -4 1. 5 24.2 0.622 0.985 0.386 2.43 0.0182 12.00 43.20 0.072 0.065 0.0282 23.52 0.339 
c 30 6 -4 1.0 22.8 . 0.601 1. 017 0.343 2.02 0.0187 12.06 43.42 0. 172 0.161 0.0699 43 .42 0.601 
A 31 4.4-2.9 1.5 23.7 0.474 0.997 0.386 1.84 0.0193 8.17 29.41 0.083 0.076 0.0330 16.01 0.258 
32 4 4-2 9 l 5 23 2 O 474 l 006 D 386 l 83 D 0193 8. 13 29.28 0,076 O 071 O 0308 15 94 O 258 
00 
N 
where U is the mean velocity, Dis a characteristic length (for open 
channel systems the hydraulic radius is used), and vis the kinematic 
viscosity. The Reynolds numper is dimensionless, and any consistent 
system of units may be employed in its use. 
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The dimensionless friction factor, f, is related to the Reynolds 
number and the character of the channel. There have been various equa-
tions proposed for calculating the friction factor for flow in smooth 
and rough pipes and channels (12). The friction factor values found in 
column 10 of the composite data were calculated by tile Pra.ndtl-von Karman 
equation for smooth channels, which is 
~= 2 log [NRe ,.ff J + 0.40 (57) 
Since the mean velocity is related to the friction factor which, in 
turn, is related to velocity, it is noted that the equation requires a 
trial and error solution. For this reason, nomograms are a more popular 
means of evaluating the friction factor. One form of these nomograms 
is commonly termed 11 Moody Curves. 11 These may be found in textbooks on 
hydraulics (64). 
The velocity gradients, G, given in columns 11 and 12, were calcu-
lated from Equation 40, which is 
G =-~ \J t ~ 
The characteristic length for expressing the depth D f~r open channel 
flow is the hydraulic mean depth. The units of Q are sec-1, as given in 
column 11. However, G is given in hr-l in column 12, which agrees with 
the units of K2 and these values are used in the regression analyses. 
The lb-ft/sec system is used in the analyses; however, since the 
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friction factor is dimensionless, the equation is equally applicable to 
either the metric or English system of measurement, since time units are 
common to both systems. 
The reaeration rate constants given in column 13 were calculated 
from the reaeration data for the respective experiments. The K2 values 
were adjusted to a standard temperature of 20°c by the rea,eration rate-
temperature relation proposed by the ASCE Committee on Sanitary Engi-
neering Research (65). The relationship is given by 
T-20 K2_T = K2_200 1.0241 (58) 
where Tis the temperature in degrees centigrade, K2_T is the reaeration 
rate constant at the respective temperature, and K2_200 is the rate at 
20°c. 
The data given in columns 13 and 14 were obtained by using natural 
logarithms, and the reaeration rate consta,nts given in column 15 are for 
use with common logarithms (k = 0.4343K). 
The data from this research were analyzed to give the reaeration 
rate in terms of the mean velocity as proposed by Isaacs and Gaudy (2), 
and also to give the reaeration rate constant in terms of the velocity. 
gradient, G hr-1. 
The relation between the reaeration rate constant and velocity was 
found to be 
_ [ 3/2 J K2_200 - 0.003 + 0.2417 U/H . (59) 
where K2_200 is the reaeration rate in hours-l at 20°c, U is the mean 
velocity in ft/sec, and His the depth of flow in feet. The plot of the 
reaeration rate constant versus U/H3/ 2 is given in Figure 13. The carre-
l ati·on coefficient for the data was O .. 992. The intercept of O. 003 is 
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Figure 13 - Regression line for relationship between reaeration rate in simulated 




small and can be omitted·without causing a significant change in the 
calculated value of K2. This gives the following equation: 
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K2_200 = 0.2417 LU/H312] (60) 
A plot of the reaeration coefficient versus G/H312 is given in 
-1 Figure 14. The regression equation for K2, hour in terms of the 
velocity gradient was 
K2_200 = 0.0292 + 2.367 x 10-6 [G/H312] 
where Gisin hours- 1, and the depth His in feet. The intercept of 
0.0292 is not insignificant in this case and cannot be omitted. 
(61) 
It is emphasized that the equations reported herein are for turbu-
lent flow and therefore do not apply when the velocity gradient is zero. 
The reaeration rate constant at zero G was found by experimentation to 
be 0.0097 hour-l. 
The data from the present research were combined with data previously 
obtained with the experimental apparatus by Isaacs and Gaudy (2). A 
plot of the combined data is shown in Figure 15, and the regression 
equation for these data was given by 
K2_20o == .0.0430 + 2.666 x 10-6 [G/H312] (62) 
where K2 and Geach have dimensions of hour-l, and His in feet. The 
correlation coefficient was .Q·.98T. 
The regression of K2_200 on U/H3/ 2 for the combined data was 
K2_20o = -0.0283 + 0.3252 [u;H312] (63) 
and the correlation coefficient was 0~989. 
It seems evident from the correlation coefficients for Equations 59 
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through 63 that the reaeration data correlates equally well with either 
the velocity gradient, G, or the mean velocity, U. 
2. Stirred Tank 
Seventy-nine reaeration experiments were conducted in the stirred 
tank reactor. The experiments covered a range of impeller speeds from 
184 to 736 rpm, and reaeration rates from 0.089 to 1.25 hr-1 {log base e), 
The impeller speed was calibrated with the drive micrometer posi-
tion as given in Chapter iV.'ofthisthesis. The dataarepresented in 
Figure 16, and the impeller speed was given by 
Shaft speed, rev/min= 36.8 [dial position] (64) 
The composite data for the reaeration e~periments are given in 
Table IX. The power input to the system, P, ft-lb/sec, as given in 
column 4 of Table IX is for a 4-inch square-pitch marine impeller. The 
following equation for power input was developed from data reported by 
the equipment manufacturer (66), using the relationship given in 
Equation 47: 
P ft-lb= 0.150 x 10-G N3 ' sec · (65) 
or 
log P = -6.832 + 3.0 log N (66) 
where N is the impeller speed in revolutions per minute. The water vis-
cosity as given in column 6 may be found in hydraulic reference material. 
Column 7 gives the reaeration rate constants for the respective experi-
ments. The K2 values are adjusted to 20°c by.Equation 58 and presented 
in column 8. The data in columns 7 and 8 are for use with natural log-
arithms, and the data in column 8bave been adjusted for use with common 
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COMPOSITE DATA FOR REAERATION EXPERIMENTS IN STIRRED REACTOR 
. 5 6 7 8 9 10 11 
Exp. Speed Impeller µxl0 4 
K2-T K2-2QO k2-20° Gxl0- 5 Log p T6mp 
hr- l hr- l hr- l hr- l (K2xl02) No. Dial rem ft-#/sec c lb/ft-sec 
l 10 368 7. 500 5 10.206 0.117 0.158 0.364 13.905 l. 199 
2 10 368 7. 500 5 10.206 0.097 0. 139 0.320 13.905 l.143 
3 10 368 7. 500 5 10.206 0.105 0.150 0,345 13.905 1.176 
4 10 368 7 .500 5 10.206 0 .. 102 0.146 0.336 13.905 l. 164 
5 10 368 7. 500 5 10.206 0.095 0.136 0.313 13.905 1.133 
6 10 368 7 .500 5 10.206 0.102 0.146 0. 336 13.905 l. 164 
7 15 552 25. 293 5 10.206 0.337 0.481 l.108 25.536 1.682 
8 15 552 25. 293 5 10.206 o. 326 0.466 1.073 25. 536 1.668 
9 15 552 25. 293 5 10.206 0.340 0.486 l .119 25. 536 l .687 
10 15 552 25. 293 5 10.206 0 .335 0.479 l .103 25. 536 1.680 
11 5 184 0.936 10 8.801 0.070 0.089 0.205 5.290 0.949 
12 5 184 0.936 10 iJ.801 0.074 0.095 0.219 5.290 0.978 
13 5 184 0.936 10 8.801 0.074 0.094 0.216 5.290 0.973 
14 5 184 0.936 10 8.801 0.073 0.093 0.214 5.290 0.969 
15 10 368 7.500 10 8.801 0.151 0.191 0.440 14.974 1. 281 
16 10 368 7 .500 10 8.801 0.142 0.181 0.417 14.974 1.258 
17 10 368 7 .500 10 8.801 0.141 0.178 0.410 14.974 1.250 
18 10 368 7. 500 10 8.801 0.144 0.183 0.421 14. 974 l.262 
19 15 552 25. 293 10 8.801 0.345 0.438 1.009 27. 499 1.641 
20 15 552 25. 293 10 8.801 0.343 0.436 1.004 27. 499 1.640 
21 15 552 25.293 10 8.801 0.340 0.432 0.995 27. 499 l .635 
22 15 552 25. 293 10 8.801 0.343 0.435 l .002 27.499 l.639 
23 20 736 59.980 10 8.801 0.740 0. 939 2.163 42.346 l. 973 
24 20 736 59. 980 10 8.801 0. 742 0.942 2 .169 42.346 l .974 
25 20 736 59.980 10 8.801 0.771 0.979 2 .255 42.346 l .991 
26 20 73.6 59. 980 10 8.801 o. 756 0.959 2,209 42.346 1.982 
27 5 184 0.936 15 7 .692 0.081 0.091 0.210 5.658 0.959 
28 5 184 0.936 15 7.692 0.082 0.092 0. 212 5.658 0.964 
29 5 184 0.936 15 7.692 0.078 0.088 0.203 5.658 0.948 
30 5 184 0.936 15 7.692 0.080 0.090 0.207 5.658 0.954 
3.1 10 368 7 .500 15 7 .692 0.145 0.163 0.375 16.017 1. 212 
32 10 368 7 .500 15 . 7 .692 0.144 0.162 0. 373 16.017 l.210 
33 10 368 7 .500 15 7.692 0.129 0.145 0.334 16.017 l.161 
34 10 368 7 .500 15 7.692 0.139 0.157 0.362 16.017 l. 193 
35 15 552 25. 293 15 7.692 0.351 0.396 0.912 29.414 1.598 
36 15 552 25; 2_93 15 7 .692 0.350 0.394 0.907 29.414 1.595 
37 15 552 25 .293 15 7.692 0.323 0.364 0.838 29.414 l. 561 
38 15 552 25. 293 15 . 7 .692 0.337 0.380 0.875 29.414 l.580 
39 20 736 59 .980 15 7.692 0.721 0.812 1.870 45.296 l.910 
40 20 736 59 .980 15 7.692 0.767 0.864 1.990 45.296 1.936 
41 20 736 59. 980 15 7.692 0. 750 0.845 1.946 45. 296 1.927 
42 20 736 59.980 15 7.692 0.738 0.831 1.914 45. 296 1.920 
43 5 184 0.936 20 6. 779 0.103 0.103 0.237 6.027 1.013 
44 5 184 0.936 20 6.779 0.105 0.105 0.242 6.027 1.021 
45 5 184 0.936 20 6.779 0.116 0.116 o. 267 6.027 l.064 
46 5 184 o·.936 20 6. 779 0.105 0.105 0.242 6.027 1.021 
47 10 368 7.500 20 6. 779 0.200 0.200 0.461 17 .062 l. 301 
48 10 368 7 .500 20 6.779 0.192 0. 192 0.442 17.062 l.283 
49 10 368 7 .500 20 6. 779 0.197 0. 197 0.454 17.062 1.294 
· 50 15 552 25 .293 20 6.779 0.431 0.431 0.993 31.332 1.634 
51 15 552 25.293 20 6.779 0.401 0.401 0,924 31. 332 1.603 
52 20 736 59.980 20 6. 779 1.090 l .090 2.510 48.250 2.037 
53 20 736 59.980 20 6.779 1.067 l.067 2 .457 48.250 2.027 
54 20 736 59 .980 20 6.779 1.252 1 .252 2.883 48.250 2.097 
·55 20 736 59.980 20 6.779 1.136 1.136 2.616 48.250 2 .055 
56 10 368 7 .500 25 6.014 0 .191 0.170 0.392 18.114 l. 230 
57 10 368 7 .500 25 6.014 0.196 0.174 0.401 18.114 1.240 
58 10 368 7. 500 25 6.014 0.188 0. 167 0.385 18.114 1.223 
59 10 368 7 .500 25 6.014 0.193 0.171 0.394 18.114 1.233 
60 15 552 25.293 25 6.014 0.428 0.380 0.875 33. 266 1.580 
61 15 552 · 25, 293 25 6.014 0.410 0.364 0.838 33.266 l. 561 
62 15 552 25 .293 25 6.014 0.363 0.323 0. 744 33.266 1.509 
63 15 552 25. 293 25 6.014 0.389 0.345 0.794 33. 266 1.538 
64 10 368 7.500 25 6.014 0.193 0.171 0.394 18.114 1.233 
65 10 3613 7 .500 25 6.014 0.194 0.172 0.396 18.114 1.235 
66 15 552 25.293 25 6.014 0.440 0.390 0.898 32. 266 1. 591 
67 15 552 25.293 25 6.014 0. 523 0.464 1.069 32. 266 1.667 
68 15 552 25.293 25 6.014 0.451 0.400 0.921 32 .266 l.602 
69 15 552 25. 293 25 6.014 0.421 0.373 0.859 32.266 1.572 
70 15 55, 25.29'.$ l5 6.014 0.504 0.447 1.029 32. 266 1.650 
71 7.5 276 3.162 22.5 6.380 0.130 0.122 o. 281 11. 420 1.086 
72 7.5 27€ 3 .162 23.0 6.303 0.142 0.132 0.304 11.489 1.121 
73 7.5 276 3. 162 22.5 6.380 0.139 0.131 0.302 11. 420 1.114 
74 12.5 460 14.62 23 .0 6 .303 0.283 0.263 0.606 24. 705 l.420 
75 12.5 460 14.62 22.8 6.334 0.283 0.265 0.610 24.644 1 .423 
76 17 .5 644 40.18 23.4 6.247 0. 732 0.675 l. 554 41. 138 1. 829 
77 17 .5 644 40.18 22.8 6.334 G.742 0.693 1.596 40.855 1.841 
78 17.5 644 40.18 22. 9 6.319 0.690 0.644 1.483 40. 903 1.809 
79 17.5 644 40.18 22. 7 6.349 0.794 0.744 l. 713 40.807 1.872 
The velocity gradient data given in column 10 were computed from 
Equation 41, which is 
G=36~ 
A semi-logarithmic plot of the reaeration rate constant versus the 
velocity gradient is shown in Figure 17. The regression equation for 
the data is 
-6 
92 
K -= 0 0697 x 100.2503 x 10 G 
2-20° ' (67) 
The correlation coefficient for the equation was 0.987. The reaeration 
coefficient, K2 (hour~1) is for use with natural logarithms. 
Since the flow pattern in-stirred vessels is related to the geo-
metric and kinematic parameters of-the reactor and impeller, the 
relationships found from this research cannot be extended to other 
installations unless dynamic similitude is maintained. However, .this 
does not impose undue restrictfons on the use of the equations presented 
in this report, since the conditions adopted for this research are in 
accord with recommended conditions for stirred tanks (56), and should be 
used in all operations where aeration in .mechanically stirred vessels is 
achieved through turbulence. 
C. Deoxygenation Studies 
1. General Comments 
The experiments on deoxygenatton responses .were designed to eval-
uate the relationships which exist for biological degradation in closed 
quiescent systems with those occurring in open turbulent systems. For 
presenting the results, the experiments have been grouped according to 
substrate and type of seed used. The data are presented so as to show 
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the relationship which existed between the simulated channel and the 
stirred tank, the oxygen uptake in the simulated channel and the bottle 
systems, the stirred and quiescent bottle systems. 
The summarized data for the deoxygenation experiments are presented 
in Table X. The notations used in the table are as follows: 
1. System designation 
A= simulated river channel 
B = stirred tank 
C = bottle system 
2. Substrate designation 
G+GA = glucose-glutamic acid, mg COD/1 
S = settled sewage collected from the primary clarifier effluent 
launder, Stillwater, Oklahoma, sewage treatment plant, rryl/1 
M = non-fat dry milk~ mg/1 
manufact~rer's analysis: 36.7 % protein 
3. Seed designation 
S = settled sewage 
51.0 % lactose 
0.8 % fat 
8.0 % mineral 
3.5 % moisture 
AS=· settled sewage acclimated to substrate 
4. BOD designation 
VP= oxygen uptake to plateau 
v5 = 5-day oxygen uptake 
La= 11 first stage 11 or 11 carbonaceous stage 11 oxygen uptake 
K1 and k1 = rate constant for portion of oxygen uptake curve 
that was approximately defined by a first order decreas-
ing relationship 
TABLE X 
SUMMARIZED DATA FOR DEOXYGENATION EXPERIMENTS 
Exp . Substrate Initial Initi.al. Lag . Yp · . ¥5 La Yp/ · Y5 / Kl kl ki 
Group # System Substrate Seed Cone. COD Carbo. Hours (Plateau) (5-day) mg/1 I COD . /COD Hour-1 Day"l Day-1 
A . 15+15 10 15 14 · 11.0: 23;Q.. .25.8 o:37 0.76 0:0241 0.252 2.06 
I A B G+GA S 15+15 -.30 15.5 12 iLO 26.0 30.8 0.37. 0.86 O.Ol53 0:159 2.22 
C 8+ 8 15 8. 36 15.4 . 18.3 0.55 0.0205 0.214 
A 15+15 · 30 15 14 10.5 . 19.2 20. l 0.35 il.64 0.0355 0.370 1.62 
B B G+GA S 15+15 30 16 14 .12.Q 20.4 0.40. 0.68 · 1.66 
C 8+ 8 20 4.0 .· - 13. l 16.4 0.44 0.0232 . 0.242 0.95 
A 15+15 29.S- 15 19 11.9" 22:3 26.7 -0.40 0.76 0.0132 0.137 2.97 
C B G+GA S 15+15 30 15 12 11.7 23.7 .31.9. (J.39 . 0.79 0.0104 0.109 2.10 
C 7+ 7 · 16.5 7.6 50 · lO.l 12;7 0.34 0.010 0.104 
A 15+15 31 7.5 18 l2.0 .·· 19.9 24.7 0.39 · .0.64: 0.0093 0.0975 2.39 
0 1l . G+GA S 15+15 30 7 .. 5 15 12.5 28.4 32.4 -0:42 0.95 0.0176 0.184 2.18 
C 7+ 7 15.9 · ·4.0 50 ~ ll.8 0.36 
A · 15+15 30 15 12 .. 12.0 .22.1 23.8 .0.40 0.74 0.0212 0.220 2.32 
E ll G+GA S 12+12 25 13 .. 5 12 .. 10.0 .- 21.2 29.7 0.40 . 0,8'1 0.0123 0.129 2.42 
C 9+.9 l_?___ 7.0 24 13.0· 18.6 . 0.44 {J.0086 0.089 l.46 
.A 15+15 30.3 15.l 30 9.0 .. 20.3 · 20.l 0.30 0.67 0.0_49 0.510 2.06 
B G+GA S .12+12 25.7 11.0 24 12.0 · .. 23.6 20.0 0.47 0.92 0.037 0.383. 2.19 
C . 8+ 8 16.0 . 1.1· 48 15.2. 16.l. - 0.51 0.047 0.487 1.09 
A 15+15. 28.4 15.2 24 · 11.8 20.6 22.3 0.42 0.72 0 .. -025 · 0.26 2.92 
II G B G+SA AS 12+12 26.8 13.5 24 11.l · 19.5. 20.4 0.41 0.73 . 0.029 0.30 2.92· 
C 5+ 5 10.5 5.5. 24 18.4 0.65 
A 15+15 30;8 14.4 24· 11.5 17.4 20.0 0.37 -0.57 0.0133 0.140 2.18 
H B G+GA AS 14+14 28.0 13 .. 2 12 ·12.0 26.0 0.43 0.93 . 2.09 
C 5+ 5 ib:6 · 4.9 36 lli:2 22.0 0.61. O.QllO 0.115 1.23 
A 15+15 3o.o 19 12 n.o 20.1 23.4 o.37 -0,69 0.0172 0.119 1.90 
B G+GA AS 12+12 22.0 14.6 . 12 10.5 23:7 23.5 0.48 1.01 0.0370 0.383 1.90 
C . 6+ 6 12.6 9.3 12 · . 20.0 0.67 
A 250 52 2.7 0 12.5 27.6 28 0.24 0.53 0.022 0.230 
III J B S S 200 48 2.7 0 ·9.6 19.3 19.3 0.20 0.40 0.021 0.218 
C 45 . · 5.8 2.5 20 16.l 18.3 0.50 0.024 0.253 
K A s s 230 46.5 1.4 0 . 11.5 24.9 33.4 0.25 0.54 0.012 0. 122 
B 300 60.8 1.4 7 12.5 35;7 38.9 0.21 0.59 0.025 0.257 
L A M S 50 56 25 36 23.3 .· 30.0 - 0.42 0.54 l.b4 
IV B 60 64 24 . 60 25.9 35.8. - 0.40 0.56 -~-
A 50 .53 19 0 l}.O · 29.2 30.7 0.32 0.55 0.023 0.240 2.25 
M B M S 40 45 16 0 19.6 40.7 50.2 0.43 0.90 0.014 0.146 2.21 
C 20 .22,6 7.2 45 18.0 19.2 0.34 0.054 0.565 0.48 
A 50 50.2 l7. 42. 18.4 24.7 24.3 0.37 0.49· 0.059 0.617 l .80 
V N B M AS 40 47.0 15.6 12 15.9 40.0 0.34 0.85 l.13 
C 20 19.0 5.4. 96 14.5 0.29 
O A M AS 50 38 .. 3 20.7 48 18.5 23.3 2~.6 0.48 0.6.l 0.031 0.324 1.27 
B 40 30.0 17. l 48 15.7 2L6 23.2 0.52 0.72 Q.029 0.304 1.59 
VI p A G+GA S 30 31.5 13.5 36 11.3 19.6 20.7 0.36 0.62 0.033 0.341 2. 19 
c 30 34.7 14.8 36 11..1 23.6 23.7 o.32 o.68 o.038 o.402 2.15 
I..O 
01 
k; = rate constant for increasing rate portion of oxygen 
uptake curve 
2. Group I - Experiments Using Sewage Seed and Glucose-Glutamic Acid 
Substrate 
96 
The first group includes experiments A through F, which are the 
experiments conducted using glucose and glutamic acid or sodium gluta-
mate as substrate and settled sewage as seed. The seed was collected 
from the primary clarifier effluent launder at the Stillwater, Oklahoma, 
sewage treatment plant, and aerated for about fifteen hours before 
using. This group of experiments extends over a period from early March 
to mid-August, thus including biological populations existing at the 
plant during both cold and warm seasons.· Figures 18 through 27 show 
pertinent 5-day metabolic responses of the four systems for this group 
of experiments. 
The oxygen uptake for the simulated channel and the stirred tank 
were essentially the ~ame. The mean lag period for the two systems was 
16.3 hours with a minimum of twelve hours and a maximum of thirty. The 
longer lag periods were associated with lower initial viable counts. 
In both open systems the oxygen uptake curve shows a lag period 
followed by an increasing rate of oxygen uptake which was found to be 
defined by a first order increasing rate relationship. This logarithmic 
increasing oxygen utilization rate corresponded to the log growth phase 
of the bacterial growth curves. This phase of the oxygen uptake was 
found in all cases to correspond to the period of substrate·-removal. 
The beginning of the plateau region of the oxygen uptake curve occurred 
at the point of substrate exhaustion and maximum viable counts. 
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minimum dissolved oxyg_en concentra.ti on in the reactor (see Figure 51 at 
the end_ of this section)·. The sag point as defined by the oxygen sag 
equation (Equation 8) is a position on the oxygen content curve repres-
senting the condition where K1L equals K2D. The transition across this 
point as defined by th~ sag equation is a continuous function where as 
the BOD _ rema i rii ng, L, b~comes sma 11 er _the product K1 L goes from -greater 
than to less than the_produc;t of_K2D~ However, as shown by-these 
experiments, the system goes from a proliferating toan endogenous 
condition at the sag point. -ln 'other words, the low point in the sag 
always occurred at the point where the exogenous substrate was exhausted . . 
and the rate of oxygenuptakeWasdecreasing at a rapid rate at this 
time, giving a rather abrupt chang~ from decreasing to increasing in the 
' . . . . . . . . 
dissolved oxygen content of-the reactor liquid at this point. 
. . . ,· . . . 
Following the removal of the exogenous substrate, there was a rapid 
. ' . . . . . .· 
recovery.in the oxygen_content-·of the.liquid during~- perJod.where the 
rate of oxygen utilization was very low. This period generally lasted 
about ten hours and_ resulte_d in a plateau in the oxygen uptake curve .. 
. . 
Bhatla and Gaudy (45) have proposed that the plateau in the oxygen 
uptake curve represents the.oxygen uptake by the bacteria during a 
stationary growth phase·. The r:esul. ts · found in these experiments al so 
. . '. ·. . . . . 
indic'~te that the plateau begins: at the point of -exogenous substrate 
. . .· ... ' . . 
. depletion which occurred at the. point of maximum bacteria growth. 
The plateau was followed by a reg·iori of increasing oxygen demand of 
short duration. However, the influence of this demand on the oxygen 
depletion of the water was insignificant. This secondary demand was 
followed by a decreasing uptake rate of oxygen utilization of long 
duration. This last decreasing rate extend~d in most cases to the 
terminc~tion of the experiment at five days. This last portion of the 
oxygen uptake curve was the only.part that was defined, even in the 
broadest terms, by a first order decreasing rate. 
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The average oxygen uptake at the plateau was 39 per cent of the 
theoretical COD, and the value varied only from 30 per cent to 47 per 
cent. Thi$ represents the oxygen uptake during the growth period and it 
was the only portion. of the oxygen uptake curves related directly to the 
initial substrate concentration. An oxygen uptake of approximately 40 
per cent of the theoretical at the plateau has also been reported by 
Gaudy, Bhatla, and Abu-Niaaj (67), and by Busch (38). 
The average 5-day uptake for the open systems in this group was 
77 per cent with a range from p4 per cent to 95 per cent. These values 
are slightly higher than the 70 per cent theoretical demand reported by 
Ballinger and his associates (68) of the Analytical Reference Service, 
U. S. Public Health Service. However; this study also reported a 
standard deviation of approximately 20 per cent in the 5-da,y BOD. Hence 
it seems apparent that wide variations are to be expected in the 5-day 
results. 
The average decreasing deoxygenation rate constqnt was 0.232 day-1 
for the open mixed systems in this group of experiments. However, the 
value varied from 0.098 to 0.510 day-l. 
The i nc\'leas i ng o x y g e n uptake rat;e for the experiments· in 
-1 -1 group 1 was 2.2 day with a range from 1.62 to 2.97 day . For exper-
iments A, C, D, E, and F, the average increasing rate constant was 
2.3 day-l with a range from 2.06 to 2.97 day-1. The average increasing 
rate constant for the fi.ve experiments (2.2 day-1) was 9.5 times the 
average decreasing rate constant of 0.232 fo~ the same group of 
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experiments. Thus it is seen that the decreasing rate constant was 
insignificant in the oxygen balance of the open systems, but that the 
critical period for the systems was.durfog the time of exogenous sub-
strate utilization where the oxygen' uptake rate was an increasing 
function. Furthermore, from these data it was concluded ·that the term 
II k L 11 .has no va Ti di ty in an oxygen uptake expression, s.i nee the 1 a . 
decreasing rate portion of the oxygen uptake curve is unrelated to the 
initia.l sub.Strate .. In fact, the substrate is exhausted prior to this 
portioiof the turve. 
The oxygen uptake in .the bottle. systems was· 43 per cent of the 
ini.tial COD ·for the 5-day period. Thi.s compares with an average uptake 
. of 77 per cent of the ttieoretica l for the open systems. One major 
cause of t.his difference .was the longer lag period experienced with the 
bottle sys_tems. 'The average lag period for this group of experiments 
was forty hours for the bottle.systems~ compared with an average of only 
. .· . . . 
· l6.3 hours for the open systems. F!Jrthermore, there was no indication 
of phasi c uptake in the· bottles ... There was an increasing rate of oxygen 
uptake during the.substrate utilization, but the uptake curves appear to 
. '·· 
level off at a low rate of oxygen uptake at the point of substrate 
depletion, and there was no definite indication ofa secondary demand. 
This may have been caused by a lower level, or lack of predator activity 
because of the lower bacteria populatfon achieved in bottle systems. 
Wilson and Harrison (42) found that. the oxygen uptake prior to the 
. . . . . . . 
plateau was not affected by cell .concentration, but that the endogenous 
phase was related to th.e number of .cells present. The p]ateau in the 
open systems corresponded to the plateau observed in the bottle systems 
but the lack ofa secondary demand i.n the bottle sy?tems resulted in a 
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much lower 5-day oxygen demand. Because of the long lag period, the 
development of the predator population in most cases was delayed to very 
near the end of the experiment. . Thus the.· secondary .uptake in t~e bottle . 
systems was apparently too small to be detected. 
In general, the metabolic patterns.were similar in the mixed and 
qui es cent 2 A liter bottles, and there- was no difference in the· 2. 4 
1 iter bottles and the standard 300 ml BOD bottles. :While it has beE;rn 
reported by Lordi and Heukelekian {6~) that the first stage BOD was 
, . . . . . . . . . 
approximately 42 per cent higher in stirred systems than in quiescent 
. . . . 
systems, mixing appeared .to have. no effect on the kinetics observed in 
this research: However, the,y found that the nitrification occurred two 
to three days earlfer·under stirred-open, conditions than under quies~ent 
close.dconditions. . . . . . : 
·. . .. .·. . . . 
Mixi_ng can logically be expected to contribute to deoxygenation in 
at .least two .ways •. Mixing bring$ the cirganBms into contact .withthe . . . . . . . . 
substrate, and provides unif~rm substrat~ concentration throughout the 
liquid. In a quiescent system this contact is achieved through the 
motility of the organism arid molecular and eddy diffusion of the sub-
strate. Microscopic examination of the biological solids taken from the 
BOD bottles in thfs research showed large numbers of mobile bacteria. 
The oxygen uptake data froin the present research indicate that for the 
. . 
dilute substrate concentrations such as ~xist in the BOD bottle, 
bacteria motility arid substrate diffusion are sufficient to prevent any 
. . . 
inhibition of substrate utilization rates. This was shown not only in 
the oxygen uptake.rates9 but also in the substrate depletion data and 
in the biological counts. None of these parameters show any difference 
in biological kin~tics between the mixed bottle and the quiescent bottle. 
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Attempts were made ·to measure biological solids; however, only a 
. . . . . ' : . . 
· few hundred ml of. sample was required to completely clog the 0.45 µ 
filter and it was not possible to obtain a sufficient quantity of 
solidsfor weighing .. D1,.1ring the logarithmic growth phase,.filtering 
times as great c!.S twenty-four .hours were requi ~ed to fi 1 ter a one liter · 
sample volume. Attempts at concentrating the solids by centrifugation 
were unsuccessful becous~ of the low sblids ,concentration. 
Optical (iensity measurementsare reportecl for the. two open systems. 
. . . . . ' 
. . . 
The optical density was read at 540 mµ using a 3/4 inch diameter sample 
. . . . . 
tube. However, at thes·e. low concentrations the results reported are 
not sufficiently accura~e to permit the. determinatfon .of -solids. 
Research in this lab~ratory has. shown that optical density valu.es lower 
. . . . ~ 
than about 0.070 (85 per.cent transmittance) are unreliable for esti-
' . 
mati·ng solids' since the relationship between sol ids and optica.l density . . . . . . 
is not linear in this rc!.nge. The rel~tive values indicated by the 
optical density curves were·in agreement with other parameters measured. 
. .. . . . . . . . . . . . 
. . 
The opt'ical density data indicate the sarne lag periods and growth pat-
terns as observed for the oxgen uptake and viable count data. 
For experiments C~ D,E, and F·, the mean v,able. count increase for 
. . . . 
. . . . .. · 
the two open systems was. ·from about 3000 organisms/nil to 45 mi 11 ion 
organisms/ml. ·. Thus the i nitia 1 count was less .than O. 01 -per cent of 
. . . . ; 
the final count~ The averag~ bacteria growth from the time of seeding 
' . . . 
to the end of the growth phase was approximately 45 million organisms/ml 
as determined by the viqble count .. For an average wet eel 1 we.ight of 
10-12 grams, this gives a wet cell growth of 45 mg/1 or a dry cell 
weight of 9 mg/1 (cell 80 ~r cent moisture). This gives· a cell COD of· 
(l.4lx 9} =12.7 mg/1 [cell COD= 1.41 cell mass (}o)]. This is 
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approximately 42 per cent of the applied cbo. This gives about 80 per 
cent recovery of the applied COD at the plateau, with 39 per cent 
accounted for by the oxygen uptake and 42 per cent by the cell mass. 
However, the viable count may be low due to clumping, and the average 
cell weight and percent moisture could have sufficient variation to 
account for this deficiency in the materials balance. 
Protozoa counts were also included for Experiment Fas shown in 
Figures 26 and 27. The protozoa growth lags the bacteria growth. It 
appears from this and later experiments that there was a threshold level 
of bacteria required to support protozoa growth. It was noted that the 
protozoa growth was accompanied by a decrease in the viable count. 
The protozoa growth period also corresponds to the second phase of 
oxygen uptake. No specific attempt was made to identify the protozoa; 
however, some of the predominate types present were those belonging to 
the family Ochromonadidae, the stalked family Aloricata, and the family 
Parameciidae. Nematodes were also present in small numbers. The pro-
tozoa included both free swimmers and stalked forms attached to parti-
cles of microbial floe. The large~ species of free swimmers were the 
last to appear and the first to disappear during the growth cycle. The 
major predators appeared to be the large number of stalked species which 
fed in and adjacent to the floe particles. 
3. Group II - Experiments Using Glucose-Glutamic Acid Substrate and 
Acclimated Sewage Seed 
The second group includes experiments G~ H, and I, which are the 
experiments conducted using glucose and glutamic acid or sodium gluta-
mate as substrate, and acclimated sewage seed. The data for these 
experiments are shown in Figures 28 through 33. 
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Figure 32 - Changes in system parameters using glucose ... sodium glutamate substrate and 
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Figure 33 - Changes in bottle system parameters using glucose-
sodium glutamate substrate and acclimated sewage 
seed collected on 8- 16-1968 (Experiment I) . 
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. . . . 
The seed was collected from the primary clarifier effl1,1ent launder 
at the Stillwater, Oklahoma_, sewage treatment plant, and fed on the 
glucose-glutamic acid substrate for one week before using as seed for 
experiment G (Figures 28 and 29). A hay infusion was prepared by boil-
ing some hay in water and adding .the liquid to the remaining ,seed from 
experiment G which hadbeen atclfmated for one week. The seed was then 
. . 
fed the .same substrate for an additional week before using with experi-
. . . ' . . 
ment H. · Jahn (61) has reported that this is helpful in increasing the 
. . , . 
growth of paramecium, hypptrichi, and many smal 1 cil iate.s which feed on 
bacteria. 
The daily feeding rate of50 mg/1 of ·both glucose and glumatic acid 
was sufficient to give a heavy 'growth of protozoa; There was no signifi-
cant effect. detected. from the addition of the hay infusion. · There was 
an ; ncrease in. the large free. sw.immers. and nematodes' but these are 
thought to hav'e deveioped as a resuit of the prolonged acclimation 
period. 
There was less variety in the .plate colonies from the acclimated 
seed than from the_ sewage.ieed~ The plates obtained at zero time for. 
experiment G showed only two types of.colonies. Approximately two-
·thirds of the colonies were white and uniform in size, and the other 
one-third was-blue~ T~ere was ~ome change in pigmentation of the 
colonies as the experiment progressed. Most of the colonies plated at 
120 hours from the open systems were white,.with a few red, green, and 
blue ones being noted. The colonies plated from the bottle systems were 
mostly blue, with a few white ones on the plates. 
The lag period was twenty-four hours.for all systems in experiment 
. . . . . ' . 
. . . . . 
G, which was l anger than the average for the open sys'tem experiments in 
120 
group I using sewage seed~ This appec1rs to indicate that the 11 lag 11 
does' not entirely .represent an acclimation period', but tbat it was also 
affected by low bacterial nurnbers. _ There was a consideri:ible reduction 
in viable count during the lag period (see O and 12-hour ~aunts shown 
in Figure 28-F). 
The viable count peaks for all system$ occurrecl at the same time as _ 
. . . . ' 
the substrate was exhausted a_nd the oxygen uptake plateau began, as was . . . ( . 
bbserved for experiments using non-acclimated seed. The higher viable 
. . . . . . . . 
count in the acclimated seed .. gave·a shorter lag period for the bottle 
systems. ln experiments G' H' _and I' the ]qg period was shortened to 
twenty-four hours. for the bottl_e systems as compar.ed with an average lag 
. . . . . , . . . . ' . 
of forty hours for the five experiments in group L · The higher bacteria 
counts in the closed systems appears ,to have been sufficient to cause a 
. . . .· ·. . ·. . . . 
secondary uptake for the bottle systems, givjng an oxygen uptake 
approaching.that observed forthe open systems. Not.only was the lag 
period the same for both the open and closed systems, but the wide dif-
ference in the 5-daY oxygen uptake for the open and closed systems that 
was observed for the experiments in group I was not found in this group 
of experiments. This appears to-give additional support to the concept 
that the second phase of oxygen uptake is related to predator activity, 
. . 
since the bacterial and· protozoa growth also occurs.much earlier in the 
bottle system for this gro~p of experimenti than in the group I experi-. 
ments. 
The seed inoculum for the· stirred t_ank inexperiment H was higher 
than that used in the simulated chanhel. This produced a shorter lag 
period for the stirred tank than was found for the simulated channel. 
The higher inocul_um of biological solids also appears to mask the 
121 
plateau which was less evident in the curves shown in part C of Figures 
28, 30, and 32, than was found for the experiments in group I. 
A die-off or im~ctivation was observed for the protozoa in both the 
open and closed systems (Figures 32-F and 33-C) during the lag period. 
This was apparently caused by the reduction in bacterial population when 
the seed was diluted to 5 ml/1 when the systems were seeded. Dead or 
inactive protozoa and nematodes were visible in the samples taken for 
microscopic examination until near the end of the log growth phase. 
This inactivation appeared to ocGur very rapidly following the seeding 
of the unit~. Approximately forty-five minutes elapsed between the time 
of seeding and the microscopic examination, and except for experiment I 
there was no protozoa activity at the time of this initial microscopic 
examination. 
The average oxygen uptake at the plateau was 39 per cent of the 
theoretical o2 demand value. This is the same average per cent as was 
observed for the group I experiments. The average 5-day BOD was 66 per 
cent of the theoretical. for,the s.imulated channel experiments in this 
group. 
4. Group III - Experiments Using Settled Sewage as Substrate 
Two experiments, J and K, ·were conducted using settled sewage as 
substrate. The settled sewage was collected from the effluent launder 
of the primary clarifier at the Stillwater, Oklahoma, sewage treatment 
plant. The time of flow to the plant plus inplant time was estimated 
to be about five hours. An additional one and one-half hours were 
required to collect and transfer the sewage to the units. Thus the 
initial samples were for sewage approximately seven hours old. The 
5-day responsesobserved in these experiments for the selected parameters 
122 
are shown in Figures 34, 35, and 36. 
The oxygen uptake for the open systems was essentially ctefined by a 
first order decreasing rate formulation. The k1 rates varied from 0.122 
day-l to 0.257 day-l. The k1 rates for the open system data shown in 
Figures 34 and 36 were calculated on the basis of a first order decreas-
ing rate reaction for the entire duration of the experiment. It is seen 
from Table X that the rate constants are 0.230 and 0.218 day-1 for the 
channel and tank, respectively. The decreasing rate constants for 
experiment K were 0.122 and 0.257 day-l for the channel and tank, 
respectively. 
Figures 34-A and 36A indicate that there was no exogenous carbo-
hydrate in the sewage at the beginning of the experiment. Both total 
and filtrate COD are shown for both experiments. There was little 
change indicated in the soluble COD during the experiment, and it 
appears that a small residual COD exists in sewage that may be caused by 
biologically stable compo~nds. Mcwhorter and Heukelekian (40) have also 
reported a residual COD when using glucose as substrate. There was a 
significant decrease in tot~l COD during the first couple of days of 
the experiment. 
The viable count increased from about two million to twenty million 
organims/ml during the first day of the experiment. This increase was 
then followed by a gradual decrease in viable count during the following 
four days. 
Hoover and his associates (35) proposed in 1952 that the substrate 
assimilation phase of biochemical reactions is often completed before 
the sample.is introduced into the BOD bottle. The results of these 
experiments also indicate that most of the biological growth had 
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Figure 34 - Changes in system parameters using sewage collected on 4-22-1968 
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Fi gure 35 - Changes in bottle system parameters using sewage 
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occurred prior to the beginning of the experiment. Since the higher 
oxygen demands were found (from other experiments in the present 
research) to be.associated with the period of biological growth, it is 
indicated that the critical period of oxygen uptake had occurred prior 
to the beginning of the experiment .. 
Gaudy, et al, (46) have also reported decreasing oxygen uptake 
rates for systems having high biological solids to substrate ratios. 
This type of oxygen uptake was also reported for nonproliferating bio-
logical systems (71). Thus ft appears that systems having high biolog-
ical solids and low substrate concentrations exhibit oxygen uptake rates 
that are essentially defined by decreasing first order rate kinetics. 
As shown in Figure 35-C, the bottle systems exhibited a lag period 
of about twenty hours; whereas there was no lag period found in the 
tank or channel system. Sinc.e there was no difference in the open and 
closed systems other than dilution, there was no other apparent reason 
for the 1 ag, The lag p~r1 od in the closed sys terns was fo.11 owed by a 
normal oxygen uptake curve as observed in the experiments of the other 
groups. 
The sewage contained a sufficient quantity of clay and other 
inorganics to affect the optical density readings, Much of this material 
settled to the bottom of the channel during the experiment, After about 
the third day of the experiments; the sewage was essentially clear, as 
shown by the low optical density data. 
5, Group IV - Experiments Using Dry Milk as Substrate and Sewage Seed 
It was deemed desirable to study the response of a complex sub-
strate in the four systems selected for this research. Therefore, 
Experiments L and M were conducted using non-fat dry milk as substrate 
127 
and settled sewage as seed •. The data for these experiments are given in 
Fi~ures 37, 38,. and 3~ .. ···. ·. 
The gene~~ll natyre of the response of -the complex waste was the 
same as ,that observed\ for the glucose-glutamic acid substrate. The. 
oxyten uptake exnib~t~d a lag, followed by,an increasing rate which. 
\ . . . . . 
occ~rred at the same time ·as· :the substrate was removed and the bacteria . 
were ·exhibitin~ loQ~rith1TJiC growth .. · The increasing oxygen uptake rate 
was followed by a pl~teau an:d a secondary demand as was observed fo.r the 
. , . . ··: '.' .. ·. . ' '.:·· . . . 
experiments fn group •.,. 
An exceptionally: long lag was found for experiment i (Figure 37). 
In fact, the ·., ag peri ~dwas so long -for the bottle systems that no 
oxygen uptake w~s exh il>i ted: .du:ri ng the. 5-'day ·experimental · peri ad~ · No 
·carbohydrate was removed in the, bottle system, and no biological growth . . .. ·· . . 
was exhibited in the vi~ble counts~ The. longer -lag periods .observed. 
for the bottle syste~appeared to be.caused by the lower·substrate con-
centratfons, since the seed m~terialwas the .sam~ for all systems .. 
. ·, . . 
·. . . . .. . '•. 
The fraction of -the jnitialCOD remo~ed at the' plateau was 42 and 
40 per cent for the simu]ated channel and stirred tank, respectively, 
in experimerit .L. For experiment M the plateau oc~urred at 32 and 43 
' • •. I • 
per cent COD removal for the two opensystems. · The rate constant, k;, 
was also found to be of the same magnitude as observed.for experiments· 
in groups I and I I. 
The oxygen uptake for .the bottle systems .in experiment ·M (Figure . 
. . 
38-D) shows a l anger lag period and a 1 ower 5-day oxygen dem_and than . was 
observed for the open uni ts. . Here, as. in the experiments in group I, 
the· oxygen, demc!.~d' fo_r. the· b6tt~e :systems: corresponds to the plateau 
value for the aper, systems~ indicating that the second phase of oxygen 
w 30 
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Figure 37 - Changes in system parameters using dry milk substrate and sewage seed 
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Figure 38 - Changes in system parameters using dry milk substrate and sewage seed 
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Figure 39 - Changes in bott le system parameters using dry milk 
substrate and sewage seed collected on 5-12-1968 
(Experiment M). 
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uptake was probably delayed in the more dilute systemo 
In summary, it seems apparent that while seed composition may vary 
sufficiently to cause different lag periods, the rate of oxygen uptake 
during the substrate removal phase and the ratfo of the oxygen uptake 
to initial COD are consistently of the same magnitudeo 
6. Group V - Experiments Using Dry Milk as Substrate and Acclimated 
Sewage Seed 
Group V includes experiments N and O which are the experiments con-
ducted using non-fat dry milk as substrate and acclimated sewage seed. 
The data for these experiment& are shown in Figures 40 through 43. 
Because of the long lag periods experienced in experiment L, which 
could have been caused by the 'low solids concentration or the need 
for an acclimation period, the sewage seed used in these experiments 
was grown on dry m'il k substrate for one week prior to beginning the 
experiments. Microscopic examination of the seed showed high concentra-
tions of protozoa and n~matodes. The bacterial count in the systems was 
about 2 x 105 after adding 5 ml of seed/1. However, acclimation of the 
seed to the substrate did not eliminate the lag period; in fact, there 
is no apparent explanation for the difference in the lag period observed 
for the two open systems as shown in Figure 40-C. The initial condi-
tions were the same for the two reactors as shown by the initial COD, 
carbohydrate, and viable count (Figure 40). There was a decrease in 
viable count for the simulated channel and the bottle systems during 
the first day of the experiment. The protozoa activity ceased during. 
this period, and dead or inactive protozoa and nematodes were observed 
by microscopic examination of samples. 
The experiment was repeated about three weeks later, using a 
w 30 
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Figure 40 - Changes in system parameters using dry milk substrate and acclimated seed 
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Figure 41 - Changes in bottle system parameters using dry 
milk substrate and acclimated seed with hay 
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igure 43 - Changes in bottle system parameters using dry milk 
substrate and acclimated seed from sewage collected 
on 8-17-1968 (Experiment 0). 
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different acclimated seed. The results of this experiment are shown in 
Figures 42 and 43 (experiment 0). The initial viable count was of the 
same magnitude as was observed for experiment N, A decrease in the 
viable count occurre.d during the first day of aeration (Figure 42-E) as 
was found for experiment N. ·· · 
. . 
The growth pattern observed for the experiments in thfa group and 
for group II experiments where acclimated seed was also used, indicate 
that the lag periods not only represent an acclimation period, but it 
appears that the lag period may also be related to dilution, i .e .. 3 
initial number of feeding organisms. It is seen from experiments N and 
O that a seed growing on a substrate exhibits a significant lag period 
when both the seed and substrate are diluted. 
7. Group VI - Relation of Response in Channel and Bottle Systems for 
Equal Substrate Concentrations 
The results of the previous experiments indicate that the longer 
lag periods and lower increasing oxygen uptake rates observed in the 
closed systems were caused by.a lower substrate concentration. There-
fore it was decided to aerate the dilution water for the bottle system 
with oxygen, thus raising the oxygen concentration to a sufficient 
level to permit the use of a higher substrate concentration in the 
bottles. 
Experiment P was run using the simulated channel and the bottle 
systems which included the standard 300 ml BOD bottles, the 2.4 liter 
mixed bottles, and the 2.4 l.fter quiescent bottles. The dilution 
water was aerated with compress~d oxygen and the seed and substrate 
were added, giving an initial COD in the bottle system of ~4.7 mg/1 
and a COD of 31.5 rng/1 in the channel. 
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The relative response of the channel and the 300 ml BOD bottle sys-
tem is given in Figure 44. It is seen that the lag period for the 
bottle system is now essentially the same as was observed for the chan-
nel. Therefore, it seems that the lag period is related to the sub-
strate concentration. The initial COD in the BOD bottles was slightly 
higher than that of the channel~ and this also gave a slightly shorter 
lag period. The increasing rate constants for the two systems shown in 
Figure 44 a~e the same. The plateau occurred at essentially the same 
position and at the time corre~ponding to the substrate depletion and 
maximum bacterial counts~ 
The earlier bacteria growth in the BOD bottles appeared to induce 
an earlier protozoa growth and higher second phase oxygen uptake. The 
lower initial viable count in the channel appears to have delayed the 
onset of protozoa growth in that system; however, as seen from Table X, 
there is only a small difference in either the k; or the k1 rate constant 
for the two systems. The percent COD removed at the plateau was 30 per 
. cent for the channel, and 32 per cent for the bottle system. Sixty-two 
per cent of the COD was removed in the channel in five days, and 68 per 
cent was removed in the bottle system. 
Figure 45 shows the observed 5-day response in the three types of 
bottles used in this research, It is seen that there was no signifi-
cant difference in the response observed for the quiescent bottle and 
the mixed bottle for the relatively low degree of agitation employed. 
8. Group VII - Bottle Systems Employing Various Substrate Concentrations 
The results of Experiment P (Figures 44 and 45) indicated that the 
lag period and oxygen uptake rates are related to substrate concentra-
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substrate concentration on the lag period and the increasing oxygen 
uptake rate. These experiments are desi gn'ated Q and R, and the data ·are 
shown in Figures 46 through 49. 
Four systems employing a glucose-glutamic acid substrate and sewage 
seed were established, using standard BOD bottles for incubation .. The 
dilution water was aerated with compressed oxygen, which gave an initial 
oxygen concentration of 29 mg/1 for experiment Q. This oxygen concen-
tration was not sufficient to supply the oxygen requirements throughout 
the substrate utilization period, but the objective of these experiments 
was to determine the effect of substrate concentration on the system 
kinetics during the increasing oxygen uptake period. Thus this oxygen 
concentration was s~fficient to permit the employment of substrate con-
centrations to well above the range found in receiving streams. 
The initial COD concentrations for experiment Qare shown in 
Table XI and Figure 46-D. The results of experiment Qare shown in 
Figures 46 and 47. There was essentially no oxygen used during the 
first twelve hours of incubation. The increasing rate of oxygen uptake 
was found to be related to the substrate concentration .. The optical 
density data, which are a measure of growth, also indicated a relation-. 
ship between growth rate and substrate concentration. 
The oxygen uptake data shown in Figure 46-Bare plotted on a semi-
logarithmic scale in Figure 47. It is seen from the data that the 
oxygen uptake during the _substrate removal phase was defined by a first 
order increasing function of-the following form: 
dY 
dt = K/ (68) 
where Y is the oxygen uptake, and Ki is the increasing rate constant. 
The rate constants for the four systems are given in Table XI. 
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OXYGEN UPTAKE RATE CONSTANT AND INITIAL COD VALUES 
FOR EXPERIMENTS Q AND R 
Bottle Initial -1 
Ex12eriment s.istem COD 2 mgLl k;, day 
Q A 30 0.83 
Q B 100 1.82 
Q c 124 2. 15 
Q D 140 2.23 
R A 94 2.05 
R B 142 2.32 
R c 198 2.48 
R D 258 1.87 
In order to obtain data over a wider range of substrate concentra-
tion, experiment R was conducted using four systems with initial COD 
concentrations varying from 94 to 258 mg/1. Sewage seed and glucose-
glutamic acid were also used in this experiment. The results of-this 
experiment are given in Fi~ures 48 and 49. 
The lag period was about one day, with the same growth pattern 
being exhibited during the oxygen uptake period as was observed for all 
of the previous experiments. The increasing rate of oxygen uptake was 
found to be related to substrate concentration. 
In order to measure the effect of mixing· on oxygen uptake under 
the higher substrate loadings, one bottle from each system in experi-
ment R was mixed with a magnetic stirrer, and the oxygen uptake was 
measured with an oxygen probe and a mi cro-:ammeter. The mixed bottles . 
were placed in a water bath which was isolated from the magnetic 
stirrer by an air space. The relative uptake rates are shown by the· 
data given in Fig~res 48-C and 48-D and in Figure 49. The data as 
shown in Figures 48-C and 48-0 indicate that the lag period was 
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shortened slightly by mixing. However, a semilog plot of the data as 
shown in Ftgure 49 shows that the increasing rate (line slope) for the 
mixed bottles was actually slightly lower than was observed for the 
bottles incubated under quiescent conditions. The indication of a 
shorter lag period as shown by Figures 48-Cand 48-D was most probably 
caused by a decrease in sensitivity of the oxygen probe with time. 
Since the probe had to be left in the bottle at all times, it was not 
possible to run routine sensitivity checks as was done in previous 
experiments where the probes were used to monitor oxygen concentration 
in the open systems. 
As may be observed by the relative slopes of the oxygen uptake 
curves for the mixed and quiescent bottles as shown in Figure 49, there 
was no increase in the oxygen uptake rate constant as a result of mix-
ing, In fact, as previously noted, the line slopes indicate a slightly 
lower rate constant for the mixed systems, but here again this could be 
attributed to a decrease in sensitivity with time for the probes used 
in monitoring the dissolved oxygen concentration. 
The only abnormality observed in this research was that found for 
system Din experiment R. The oxygen uptake rate for this system was 
lower than the rates observed for systems Band C, which had lower sub-
strate concentrations. 
The semilog plots of the oxygen uptake data as shown in Figures 47 
and 49 indicate that the oxygen uptake rate was defined by a first 
order increasing function similar to the logarithmic phase of biologi-
cal growth. These increasing oxygen uptake rate constants (k1) for 
experiments Q and Rwere computed from these semil og plots, and are 
given in Table XI. 
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Figure 50':"A is a plot of oxygen uptake rate constant (k.;) versus 
initial COD. It is seen that this p 1 ot is of the same form as pro-
posed by Monad (72} for biological growth. Figure 50-8 is a Lineweaver-
Burk plot of the same data. The Lineweaver-Burk plot is a straight line 
form of the equation for growth rate as proposed by Monad (73). It is 
seen that the data approximate a straight line. The maximum oxygen 
uptake rate constant (ki max) was found to be 3.79 day-1, and the 
constant K111 was 103. The curve shown in Figure 50-A was plotted from 
the following equation: 
k; = 3.79[ S +5103 J (69) 
The increasing oxygen uptake rate constants for the channel, tank, 
and bottle systems for experiment Bare also shown in Figure 50-A. 
These data were not used in computation of the constants in Equation 69, 
but were included to show that the relative substrate concentrations 
used in the three systems was reflected in the magnitude of ki. 
In summary, the results of the present research indicate that the 
biological response to a substrate is no different in a dilute flowing 
stream than is found in any batch experimenL The critical oxygen 
demand for the receiving stream occurred during the period of substrate 
removal, and the oxygen uptake rate during the increasing log growth 
period was related to the initial substrate concentration as shown by 
Equation 69. 
It is seen from Figure 51 that there was a very rapid recovery in 
the oxygen content of the stream following the depletion of the exogen-
ous substrate. The second phase demand occurring at about forty hours 
is seen to have had little effect on the oxygen content of the stream. 
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Figure 51 - Oxygen sag and oxygen uptake curves (Experiment A). 
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The plateau began at the.low point in the o2 curve (27 hours), and ended 
at the beginning of the second phase oxygen demand (39 hours), giving a 
12-hour o2 recovery period during the plateau~ The oxygen uptake curve 
(BOD) from 39 hours to 120 hours was essentially defined by a decreasing 
. . -1 monomolecular rate of 0.252 day . This compares with an increasing 
rate (k.) of 2.06 day.;l during the logarithmic growth phase. 1 . . 
CHAPTER VI 
·· DISCUSSION OF R~SULTS ·. 
A.. Oxygen Solubility . 
There. is no apparent ·exp lanatl on for the differences . in the oxygen 
solubility data reported,by Truesdale and his associates (4), and that 
. . . . . 
reported by the Stream' Pollution .control Se.ction of ,the Tennessee 
. . . . 
Vall~y Authority (5). aoth groups Used the Winkl.er method of analysis 
for dissolved oxygen,' Bott) laboratories used an amperometric .endpoint. 
by a back titration procedure fo·llowing the addition of ex.cess thio-
. . . . 
. . . 
sulfc;1te •. Th<tdJffer,~n;c~ iri the.>analyti·cal.pr:oc.eclure at this point was 
that the English group• used potassium iodate as a primary standard in 
place of potassium bi-iodate. · Hart (74} has proposed that the analy-
. . . . . . . 
tical procedures used t>y,the English group may have resulted in the 
loss of iodine by volatilization. as being a possible explanation for 
the differences in the data. 
Knowles ~nd Lowden {7S) havi·Shown that the amperometric procedure 
is the most sensitive means .of detecting t.he iodine endpoint using 
thiosulfate, Their study indicated that 0.07 ml of o·.025 N iodine was . . 
requi_red to give a detectable J:>lue coior. ~uh soluble.starch; rhis 
indicates that th~ disappearance. of .the blue color when titr~ting to a 
visual ·endpoint :precedes the .. amperometric endpoint by 0.07 ml when 
. . . . . ,. . '·' ' . ,., •, ··, . ··. . . 
using 0.025 N thiosulfate. For the samplevolume used in thJs research, 
151 ·.· 
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this difference was 0.07 mg/1. 
The solubility of oxygen determined in the present investigation. 
was 0.05 mg/l lower at 30°C, and 0~14 mg/1 lower at 20°c than the 
values reported by the TVA group~ Hence it appears that there was no 
genuine difference in the results of the present research and the oxygen 
solubility data presented by the Stream Pollution Control Section of 
TVA, but that the difference in the data was due to the method employed 
for detecting the endpoint. 
As pointed out by Isaacs and Gaudy (2), a real test of the correct-
ness of solubility .data is a semilog plot of the oxygen deficits as 
shown in Figure .3. The solubility data from the present research were 
used in determining the reaeration rate for the one hundred and eleven 
reaeration experiments reported in Tables VIII and IX. The semilog 
plots obtained from the data indicate that the oxygen deficits .obtained 
by using these saturation data were correct. 
The saturati.on data from this research were also in good agreement 
with the values obtained by Isaacs (25) using the alpha method for 
determining the oxygen solubility. 
While the barometric pressure depends on several factors, the most 
important factors affecting solubility are temperature and the baro-
metric pressure correction for elevation. Oxygen solubility data are 
usually presented in tables for the temperature range found in natural. 
waters, therefore the solubility for a desired temperature at 760 mm 
pressure is readily available. However, the correction fo.r pressure is 
often neglected, even though it may be significant .. In fact; records· 
of.barometric pressure are not ordinarily available in environmental 
engineering laboratories. 
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Twenty months of barometric pressure records obtained in connectibn 
with this research indicate that the average barometric pressure cor-
rect ion for elevation is approximately one inch mercury per 1000 ft 
elevation. A one-inch pressure correction gives a 3.4 per cent cor-
rection in the solubility of oxygen, At 20°c this correction is 0.30 
mg/1. Barometric pressure data from the Manual of Barometry (76) for 
several cities across the United States between about 36° and 38° 
latitude also indicate an average decrease in pressure of one inch 
mercury per 1000 ft elevation. 
It may be more satisfactory for some laboratories to obtain baro-
metric pressure data from other sources than to equip their laboratories 
for collecting it. Barometric pressure data for an area are available 
from local weather stations and from weather reports broadcast by 
local television stations. The pressure data given on television 
weather reports have been adjusted to a sea level datum, so they must be 
corrected to correspond with the local datum. 
B. Reaeration Systems 
Oxygen transfer in turbulent systems is a complex phenomenon 
which at present lacks complete definition and the principal deficiency 
in defining reaeration is the lack of a means of defining the rate of 
surface renewal. Higbie (14) has shown that mass transfer across the 
gas-water interface is defined by Fick's law (Equation 26), and the 
rate of mass transfer is related to surface age. 
O'Connor and Dobbins (13), as well as Dobbins (18), have presented 
equations relating the reaeration rate constant to surface renewal. 
However, as so ably pointed out by others (16)(19)(20), it is doubtful 
if there is any substance to the assumptions made in the development of 
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Equations 13, 14, and lS. 
The film theory is not' consistent with what is known about turbu-
lent flow. The penetration theory as applied to turbulent flow by 
Danckwerts ( 15) rel a t_es the reaerat ion rate to surf ace age. It is 
assumed that 1iquid eddies originate in the turbulent core of the water 
. . 
and migrate to the surface,where they are exposed to the atmosphere for 
. ' . 
a short period of time before being di_splaced by other eddies .. The 
oxygen-enriched eddy is then returned to the bulk of the liquid, where 
the absorbed ox,ygen is.distributed by turbulence. The problem lies in 
the fact that the surface renewal ri;ite cannot be determined. 
Tsivoglou, et· al. (27) concluded from the laboratory experimentS 
. . 
on gas transfe_r capacity that in turbu:lent systems reaeration takes 
place in at least two st~pt; These are the diffusion of gas across the 
'1iquiq ... gas interface, followed by the dispersion of the dissolved gas 
throughout th~ mai-n body of water, It was concluded that .the dispersion 
rate depend~ primarily on the kind and degree of t~rbulent mixing rather 
than on molecular gaseous diffusion .. 
The simula.ted channel, which was designed by Isaacs and Gaudy (2) 
of ·this laboratory and which was used in the present research, is .the 
first apparatus to the writer's knowledge which provides a method for 
creating continuous streamflow conditions in the laboratory.· This 
equipment appears to provide a very satisfactory .method for studying · 
the mass transfer phase. of the oxygen ba la nee without interference from 
the factors in the balance that cannot be eliminated.in the natural. 
stream. 
The prediction equation {Equation 22) proposed by Isaacs and Gaudy 
(2) gives excellent correlation with the data from this research. The 
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additional parameters proposed by Isaacs and Maag {26) would appear to 
give wider application to the model. 
As shown by Equation J7, the energy .gradient as given by the. 
Darcy~Weisbach equation is 
f u2 s =--. 8. Dg 
The term Sis the volumetric rate of energy dissipation in ft-lbs of 
energy per pounp of water per foot of flow. Webber (12) states that for. 
turbulent flow the energy dissipation is due almost .entirely to eddy 
viscous forces, with the dynamic viscous forces being negligible. 
Tsivoglou (27) has concluded thai; the dispersion of the gas throughout 
the liquid depends on the kind and degree of turbulence. Thus. it seems 
evident that the rate of reaeration shou.ld be related to the volumetric 
. . 
rate of energy d.iss.ipatioti. 
. . 
The hydraulic· engi ne~r has experi enc_ed th~ same problems which the 
. . . . . . . . . . . . . : . . 
bio~nvironmental engineer presently f~ces in defining turbulence. After . 
. passage of nearly a century from.the time of development of the Darcy-
Weisbach equation for rate.of energy loss, there are several prediction 
type of flow equations in general use. These are the Chezy, Hazen-
Williams, and the Manning equations. This situation exi~ts even though 
authors of-various te~tbooks on hydraulics oppose the use of these 
equations because of ~heir limited applic,tion (11)(12)(64). The 
equations are satisfactory for use in situati ans where the hydrau.1 i c 
parameters are similar to the conditions fo.r which they were developed 
but, like the prediction equations for reaeration, the results are dis-
appointing when they are applied to conditions outside their limited 
range. 
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The velocity gradient, equation (Equation 40) as proposed by Camp 
and Stein (54) is not restricted in its application. The velocity 
gradient is expressed in terms of stream parameters which define the 
rate of energy dissipation. As shown by Equations 36 and 37, the para-
meters are f, U, and D. The analysis of the data from this research 
gave excellent correlation for the reaeration rate constant with the 
velocity gradient, and it appears on the basis of the above statements 
that the velocity gradient is not restricted in its application. The 
use of this relationship makes it possible to benefit from the contri-
butions of the hydraulic engineer by relating the rate of energy dis-
sipation to the dimensionless friction factor, f. 
The kind and degree of turbulence are defined by the nature of the 
system. Thus it was not possible to relate a flowing system to a 
stirred baffled system in terms of a velocity gradient. This is 
apparent from the data in Tables VIII and IX, and from the regression 
equations for the simulated chann~l and the stirred tank (Equations 61 
and 67). There is a linear relationship beitween k2 and G for the 
channel, but the relationship is logarithmic for the stirred tank. A 
velocity gradient of 106 hr-l gives a K2_200 value of 0.124 hr-l for 
the stirred tank, and 2.40 hr-l for the channel with a one-foot water 
depth. Thus it seems apparent that the velocity gradient is affected 
by the geometric and kinematic relationships of the system, and a 
velocity gradient value for a flowing sys tern is not applicable to a 
stirred system. 
The stirred tank was found to be readily adaptable to laboratory 
and pilot plant use in reaeration and deoxygenation studies. 
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C. D~oxygenation Studies 
It has been proposed that the "microbiology of waste waters could 
more.properly be termed the microbiology of heterogeneous populations" 
(77). However, the bioenvironmental engineer has in general failed to 
apply the principles of biological growth to problems in waste treat-
ment. This is particularly true in regard to the oxygen uptake in the 
BOD bottle and the application of bottle data to the events occurring in 
the receiving stream. The BOD test has probably been the subject of 
more research effort than any other facet of waste treatment, and yet 
Hoover proposes "no one considers it adequately understood or well-
adapted to his own work" (35). In the opinion of the writer, the prin-
cipal cause of this perplexing circumstance is that the objective of 
most of the research on the BOD test has been to seek refinements on the 
basis of decreasing first order rate kinetics and the objecttve has not 
been to elucidate the basic principles of the deoxygenation process and 
application of the results of the test. 
While Phelps (10) partly developed the concept of first order 
decreasing rate kinetics for BOD rearation, he has also noted that there 
is no justification.for the reaction being monomolecular. As far back 
as 1931, Butterfield (34) pointed out that the reaction most certainly 
had to be diphasic. In 1958, Busch (38) presented data showing that 
oxygen uptake during the BOD exertion consists of two phases separated 
by a plateau. Bhatla and Gaudy (45) have since published results of 
extensive laboratory studies which verify that the plateau does.exist in 
the oxygen uptake curve. In view of the knowledge that is presently 
available relative to the response of a microbial population to a sub-
strate it is somewhat surprising that bottle BOD data are so widely 
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employed. The substrat~-growthrelationships proposed by Monad (72) 
' . ' . 
indicate that the growth rate and hence the oxygen uptake rates are 
related to substrate conc~ntration~ While the test has been widely 
criticized because of lack of adequate understanding and descr.iption of 
: . . . 
the reaction kinetics'· it is universally emp 1 oyed in the, assessment of 
wastes in the design .and:qperational control .of waste treatment facili-
ties, in establishing effluent criteria for wastes before discharging 
. . ·' . . . . . 
to the receiving stream, and in analyses of stream data.· 
. . . . . 
The oxygen utilization kfr1~t1cs observed in .the present research 
was very different from what·is described" by decreasing first"order 
kinetics. The upper portion of Figure 52 shows a typical type of· 
oxygen sag curve as defined by thel(sag equation•• proposeci by Streeter 
and Phelps (l)(Equ~tion -~3), along with a sag curve. as observed in the 
current research .. While it is recognized that the entire recovery 
process is important in the overall use of the receiving stream, the 
critical stretch exists .in the reach designated by the distance BD in 
Figure 52. 
The results· of the pres.ent research i_ndicate that the biological 
. . .· . . 
kinetics fcir the substrate removal phase of waste.degradation is defined 
. . ·' . . . . . . , . . . 
by growth ki m~ti cs as given by a conventional S-shaped growth curve. 
As shown by.data. from al1 of the .present research except the two exper-
iments using sewage substrate, the oxygen uptake exhibited a lag period 
followed by a period of increasing rate of oxygen uptake corresponding . 
to the period of substrate removal and bacterial growth. As substrate 
became limiting, there was an inflection point in the oxygen uptake 
curve where th~ curve goes from concave upward to concave downward~ At 

























































Figl.lre 52 - Oxygen uptake as observed in this research and 
as given by Streeter-Phelps equation (Equation 8). 
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increasing function to a deCN!lSing function, and the maximum rate of 
oxygen uptake occurred at this point. Theoxygen uptake rate decreased 
to a very low value at the sag point, which was shown by the experimental 
data to be at the point of exogenous substrate removal and maximum bac-
terial population. The low point in the sag is shown as point Din 
Figure 52, The oxygen uptakecontinued at a very low rate for several 
hours following th.e point of exogenous substrate removal. The data for 
experiment B 9iven in Table II shows an oxygen uptake of only 0.57 mg/1 
for a 4-hour period immediately following the depletion of the exogenous 
substrate. This period (D-E in Figure 52) is shown as a period of 
oxygen recovery in the dissolved oxygen curve and as a plateau in the 
oxygen uptake curve~ At tha time corresponding to the end of the 
plateau, the dissolved oxygen content had recovered from the critical 
point. The plateau was followed by a period of increasing oxygen uptake 
that was of -lo\'{ magnitude ahciishort duration compared with the rate of 
uptake during the substrate utilization period. This period was fol-
lowed by a low rate of oxygen uptake of extended duration that was 
essentially defined by decreasing rate kinetics. 
Present practice.is to force an oxygen uptake curve for bottle data 
to fit monomolecular decreasing rate.kinetics by the construction of a 
line such as .line H-r in Figure 52. This assumption provides solutions, 
but the validity of the~e solutions is questionable, and it certainly 
does not bring one any closer to the correct solution. As noted in the 
results of the present research, k; day-l was 9.5 times higher than k1 
for the same group of experiments. Gannon (78) reported river velocity 
constants 18.5 timesgreater than the rate constants found from BOD bot-
tle data. Gunnerson (79) has noted that while the computation of oxygen 
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balances in streams requires a number of assumptions and approximations, 
probably the most troublesome of these is the assumption that the BOD 
rate coefficient, k1, is a constant. Gannon (78) has also shown that 
because of the problem of fitting BOD data to a first order decreasing 
rate relationship, the k1 value obtained can vary over a wide range 
depending on the method of evaluation. It was shown that the evaluation 
of the same set of data by various mathematical and graphical procedures 
that have been proposed for computing k1 gave a range from -0.0002 to 
0.0232 day-l, and it was noted by the author that none of the procedures 
[see Gaudy, et al. (58) for procedure~ gave satisfactory results when 
applied to a 2-stage curve. 
Orford and Ingram (36) have noted that the monomolecular equation 
is a poor expression because of the variation of k1 and L with time of 
observation, and because the parameters have very little physical or 
biological significance. Buswell, et al. (80) also have noted that the 
BOD reaction is not defined by the monomolecular law. 
The course of the deoxygenation process observed in the open sys-, 
terns in the present research was the same as that found by Isaacs and 
Gaudy (2) using the simulated channel used in the present research, and 
by Gates, et al. (48), using a stirred tank reactor. Both Isaacs and 
Gaudy, and Gates, et al. noted a lag followed by a period of rapid 
oxygen uptake that was defined by increasing, and not decreasing, 
kinetics. The curves presented by Isaacs and Gaudy (2) also show a 
longer lag period for the bottle data than .open systems, and in most of 
the experiments a lower oxygen demand during the first five days. 
The lag periods experienced in the present research indicate that 
the period was related to initial seed concentration and to. substrate 
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concentration. The average lag f9r the open systems in Group I experi-
ments was 16.3 hours with a range from 12 to 30 hours. Similar lag 
periods were indicated by the data presented by Gates, et al (48). The 
data reported by Gates and his associates also showed a longer lag period 
for lactose than for the other substrates employed. Long lag periods 
were also observed in the present research when dry milk was used as a 
substrate. McWhorter and Heukelekian (40) reported that an increase in 
seed concentration reduced the lag period, but the initial seed concen-
tration had little effect on the variation in the lag. Pipes, et al.· 
(41) reported wide variation in lag periods observed for various sub-
strates, and the data reported by Bhatla and Gaudy (45) also indicated 
variability in the lag period. Thus, it seems apparent that the sum-
mary opinion and experimental evidence is that the BOD reaction is sub-
ject to widely varying lag periods and is not adequately approximated by 
decreasing rate monomolecular kinetics. Also, the data from bottle 
experiments give widely varying results which are not suitable for 
applying to stream analyses. 
As shown by the results of experiments Q and R, the increasing 
oxygen uptake rate was defined by the same type of kinetics as proposed 
by Monad (72) for biological growth. Thus the rate constant, k1, is 
related to a measure of the biological generation time. Therefore, if 
oxygen uptake rates are related to substrate concentration, dc1tc1 from 
bottle experiments cannot be used to evaluate conditions in the receiv-
ing stream unless the substr.ate concentration is the same in both 
systems. 
The oxygen uptake curve and sag curve for experiment B (channel) 
for the period from the end of the lag to the oxygen sag point are 
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shown in Figure 53. It is seen that the growth kinetics as proposed by 
Monod (72) defines the oxygen uptake to the inflection point of the 
curve. The slope of the oxygen uptake curve is the rate of oxygen 
uptake,N, i;lnd the inflection point is by definition the point where 
the rate of change of slope changes from an increasing rate to a decreas-
ing rate. Thus the inflection point (point C) is the. position of max-
imum oxygen uptake rate4 
The inflection point was not the sag point~ because the rate of 
oxygen uptake .(Y ·= ,'ok; (t-:-to)) at this point was greater than the rate 
of reaeration (K2D),· and th~ oxygen content of the water continued to be 
depressed until the rate of deoxygenation was equal to the rate of 
reaeration. Thus, it is seen that the sag point ~id not correspond to 
the point of maximum oxygen uptake rate. 
Although the rate of oxygen uptake was decreasing t,eyond the 
inflection point, it was still considerably greater than the reaeration 
rate (K2D) to near the point of exogenous substrate depletion. Thus it 
appears from the results ofthe present research that since respiration 
requirements of .a proliferating system were considerably greater than 
the endogenous respiration requirements, the oxygen sag point in the 
stream will generally occur at the point of substrate depletion. Hoover, 
et al. (35) reported that the respiration rates of growing organisms was 
ten to twenty times that of the endogenous rate. 
Growth kinetics are not adequately defined beyond the inflection 
point. Kinetics .as proposed by Monod (72} defines the oxygen uptake 
, only to the point of inflection. The oxygen uptake curve beyond the 
inflection point Wa$ a decreasing function, but it was not a first 


































/.~ r---. 8 
~ 
I'< ~EXPERIMENTAL DATA 
.~ 
~ .. c~ ~I. 
.. r-,....._. , 
. ""-:i L_....../ .!....___ 
.fr-
D 
I I . RATE DOUBLING TIME = 4.46 HOURS 
0=02 UPTAKE= 10 kjO-to) 1·1 . . PLATEAU, :..---P=EXPERIMENTAL DATA _...0-::-
/l)D -y [ ]/ 
/ SAG- . 
' 




v v 'r:,..J 
B ~ll 
d~ START OF LOG pROW;f H 
25 27 . 29 . 31 · 33 35 37 39 41 43 45 47 
TIME, HOURS 
Figure 53 - Oxygen uptake pattern during period of 
exogenous substrate utilization (Experiment 
B). 
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an S-shaped curve similar to a growth curve, the constants in the 
resulting equation must be evaluated by curve-fitting procedures and 
would not be generally applicable since the curve must be related to the 
substrate concentration c\S shown by Equation 69. The growth-substrate 
relationship as givenby this equation shows that higher initial sub-
strate concentrations will give a greater k1, and hence, a greater rate 
of oxygen uptake during the growth period. This information on the 
oxygen uptake rate is presented to show that the oxygen uptake in dilute 
systems was defined by kinetics similar to the growth relationships as 
proposed by Monad and to give additional evidence that the results of 
the present research indicate that oxygen uptake rates for dilute sys-
tems such as are found in receiving streams and BOD bottles are related 
to substrate conce~tration. Therefore, data from BOD bottles should not 
be used in stream analyses .. This fact was also indicated by the 
reaction rates observed in the open and closed systems employed in the 
present research. 
McWhorter and He1.,1kelekian (40) have reported that the oxygen uptake 
rate was near maximum at the point of substrate exhaustion. However, 
this is contrary to the results observed in this research, as shown in 
Figure 53, and it is also contrary to present concepts of growth kin-
etics, Garrett and Sawyer (37) found that the oxygen uptake rate was 
directly proportional to substrate concentration at low concentrations 
of BOD. This concept would involve a two-phase growth-substrate 
relationship which is also contrary to commonly accepted growth con-
cepts. Gaudy, Ramanathan, and Rao (81) have shown that growth rates are 
lower for systems operated at lower substrate concentrations, and that 
growth rates were defined by kinetics as proposed by Monad. 
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Experiments J and·K of the present research employed settled sewage 
as substrate. It is seen from Figures 34 and 36 that the oxygen uptake 
rate for the open systems was reasonably defined by decreasing mono-
molecular kinetics. The data indicate that the carbohydrate and the 
exogenous soluble COD were depleted before the start pf the experiment. 
The decrease in the tota 1 COD during the experiment cou 1 d be. caused by 
the utilization of particulate matter by the microbial population (there 
was no decrease in cell count), by cell respiration or oxidative assimi-
lation, and by predator activity. Also, there was no bacteria log 
growth, and hence there could be no increasing oxygen uptake phase. 
Hoover and his associates (35) proposed that the BOD test consists 
of two biochemica.1 reactions, and that whenever a monomolecular reaction 
-1 rate with a ve 1 ocity constant of O. 1 day · is observed in a BOD test, 
the ~eaction is solely one of endogenous respiration. 
Isaacs (25) has shown that settled sewage exerts an oxygen demand 
that is approximated by decreasing monomolecular kinetics. The data 
presented also show a lower 5-day BOD exertion in the bottles than in 
the open turbulent system. Komolrit, Goel, and Gaudy (71) have also 
shown that growing system solids subjected 1 to endogenous conditions 
exhibit an oxygen uptake that is defined by decreasing kinetics. Thus 
it appears that systems employing high solids to substrate ratios or 
nonprol iferating systems .exhibit oxygen uptake rates that are essen-
tially decreasing rate monomolecular in form. The results of the exper-
iments employing sewage as substrate indicate that the biological growth 
in sewage a few hours old may be in an oxidative assimilation or endog-
enous phase. It most certainly was not in a growth phase, since the 
available soluble exogenous substrate had been depleted by this time 
and the viable count has reached the stationary phase in the growth 
cycle. 
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A similar situation most surely existed in rivers below sewer out .. 
falls in times when raw s~wage was discharged to receiving streams. 
The sewage was not chlorinated, thus the conditions in the river may 
have been similar to what existed in the simulated channel and stirred 
tank in experiments J and K of the presentresearch. That is, the time 
of fl ow in the sewers was sufficient. for the biol ogi cal growth to occur 
before or very soon after the sewage reached the river. Thus, invest; .. 
gations of polluted streams below the large cities as reported by 
Streeter and Phelps (1), Theriault (31), and Adeney (3]) would be 
expected to give oxygen uptake curves that are defined by decreasing 
first order ki~etics. The low value of 0.1 day .. ] for the rate constant 
reported for the river water is. a further indication that endogenous 
respiration was being measured. These conditions no longer exist below 
most of our major cities. Today, sewage is at least subjected to pr; .. 
mary treatment followed by chlorination before being discharged to the 
receiving stream. Therefore, there are no extensive sludge deposits 
below outfalls, and the biological population is almost nil because. of 
the chlorine residual. Hence a new bi~1ogical population must develop 
in the receiving stream after the chl~rine residual is exhausted. · 
The report by Gannon (78) on a survey of the Clinton River below 
the Pontiac, Michigan, sewer outf~ll, indicates that the chlorine 
residual persisted for 0.65 miles below .the outfall. The dissolved 
oxygen profile shown for the stream indicates that a lag existed below 
the point where the chlorine residual was exhausted. This lag was fol .. 
lowed by an increase in oxygen upta~e m~nifested by an abrupt sag in 
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the oxygen content curve'. Tt,e nature of the sag indicates a period of 
rapid oxygen uptake following the lag, which·:is _ in accord with the con-
cepts proposed from the results of the present research. Also, it was 
reported that the bottle data for the river water did not agree with or 
correlate with stream measurements. 
I 
The oxygen uptake curves observed in the present research are also 
of the type as reported by Bhatla and Gaudy (45) for high energy systems 
using sewage seed and glucose substrate. The curves indicate the 
existence of a lag period varying from about fifteen hours to two days; 
depending on the seed composition, The experiments using a one per cent 
settled sewage seed indicate a lag of approximately eighteen hours. 
The lag period was followed by a rapid increase in oxygen uptake rate, 
corresponding to the period of substrate depletion. The plateau 
occurred at the point of maximum bacteria population and substrate 
depletion. 
The oxygen uptake rates observed during the plateau in the present 
research show that the oxygen uptake rates are very low in the absence 
of an exogenous substrate. The second phase of oxygen uptake observed 
in the present .research corresponded to predator growth as was observed 
by Bhatla and Gaudy (45) for both high and low energy systems. No evi-
dence of a secondqry growth as a result of protozoa activity _as pro-
posed by Butterfield (34) was indicated in this research. In fact, it 
was found that bacteria growth must precede predator growth. As noted 
in the results, there was an inactivation or die-off of the protozoa 
following inoculation of the systems with acclimated seed. Microscopic 
examination of samples indicated that the protozoa were completely 
inactive, and appeared to lyse. New predator growth was not observed 
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until bacterial growth was near a maximum. Thus the results of the 
present research indicate that predator activity was responsible for the 
second phase of oxygen uptake. 
The present research also shows that the fraction of the theoreti-
cal oxygen uptake exhibited at the plateau was 39 per cent in the open 
systems and that the variation from this mean was not .great. Gaudy, 
et al. (44) reported an average removal at the plateau of 34 per cent 
using glucose as substrate. Isaacs and Gaudy (49) reported an Jverage 
removal of 35 per cent for four experiments using glucose-glutamic acid 
substrate. More extensive studies reported by Gaudy, et al .. (67) cover-
ing forty-six exp~riments using a variety of substrates and seeds indi-
cate the oxygen removal at the plateau is generally between 30 and 40 
per cent of the theoretical. Busch (38) has reported that the plateau 
BOD value for glucose is 41. l per cent of the theoret.i cal oxygen demand. 
While there appears to be some variation in the oxygen uptake-BOD 
relationship at the plateau, it is emphasized that the variations are 
small compared with the variations found for the 5-day BOD values. 
The experimental evidence from the present research indicates that 
mixing in the range found in natural streams, has no effect on the rate 
of oxygen upt11ke or on biological growth; Rickard and Gaudy (57) have 
shown that agitation does increase the oxygen uptake rate. Lordi and 
Heukelekian (69) have also reported higher oxygen uptake in stirred 
systems than in quiescent systems. However, the studies .reported by 
Rickard and Gaudy employed continuous flow experiments at much higher 
substrate loadings and higher mixing rates than were used in the present 
experiments. Lordi and Heukelekian also reported that nitrification 
occurred two to three days earlier under stirred open conditions than 
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under closed conditions. While no nitrogen analyses were made~ the 
general shape of the oxygen uptake c;urves do not give any indication of 
nitrification occurring in any of the experiments reported herein. 
It is not thought that the high oxygen tensions employed in experi-
ments Q and R had any effect on the biological response observed. 
Zobell and Stadler {82) found that the oxygen utilization per cell is 
independent of dissolved oxyg~n within the range employed in these 
experiments. However, they found that in concentrated nutrient solu-
tions, rich in particulate matter and high bacterial concentrations, 
oxygen may become limiting in the vicinity of the respiring cells, 
expecially if the cells exist in clumps. Under these conditions the 
higher oxygen tensions would increase the oxygen gradient in the vicin-
ity of the clumps of microbial floe. However, only dilute substrate 
concentrations and low biological solids were employed in the present 
research. 
On the basis of the results from the' present research and the 
findings of others as noted, it appears very evident that data obtained 
from BOD bottles in the laboratory ~re not applicable for predicting the 
course of deoxygenation in flowing streams. The open stirred reactor 
as employed in the present research is, in the writer's opinion, the 
most suitable means available for ascertaining the pollutional char~ 
acteristics of a waste water. A reactor of sufficient volume can be 
used to permit sampling for several analyses, as wa, done in the 
present research. Not only was the stirred reactor found well-suited 
for use in laboratory studies,. but also the capital investment and 
space requirements are no greater than what is required for the standard 
BOD procedure. The system selected should have a variable speed drive 
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so as to permit operation at, a selected reaeration rate. 
The use of an open stirred.reactor would eliminate the inaccurate 
assum~tions and approximatio~s that are ~ssociated with the use of the 
BOD bottle in deoxyge~ation studies, and also provide an accura.te 
assessment of the deoxygenati~n process occ4rring in the natural stream .. 
Thi.s procedure also provides a means for determining reaeration rates 
in streams from the actual oxygen uptake data obtained from experiments 
in the stirred reactor~ 
CHAPTf:R VII 
CONCLUSIONS 
A. Oxygen Solubility· 
I I 
1, The results of the present research and those of the other 
recent studies (4)(5) indicate. that the oxygen saturation dc;tta given in 
Standard Methodi (3) are inco~rect. 
I . • 
. . . . 
2. The results ,of this investigation support the data for oxygen 
solubility reported in the ASCE ·Progress Report (5) based on 0.07 ml 
of 0.025 N iodine b~ing requi;ed to give~ detectable color as reported 
by Knowles a,nd Lowden as being cprrect. · Si nee the data from this . 
investigation indic~te that.the starch endpoint does gi.ve a lower 
oxygen solubility than the.amperometric enctpoint, stuqies involving the 
use of a visual starch endpoint in dis.solved oxygen determinations 
shou.ld use saturation data based on a starch endpoint. 
B. Reaeration Studies 
1. The velocity gradient equation proposed in this research and 
the equation presented by Isaacs and Gaudy (2) correlate equally well 
with the reaeration rate coefficient for the data obtained in the 
present research. 
2. The volumetric rate of energy dissipation depends on the 
nature of the system. The velocity gr~dient for the flowing system was 
developed from the Darcy equation for flow in turbulent systems, and 
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the velocity gradient equation for the stirred tank was deve 1 oped for a 
baffled tank employing a marine impeller on a verti ca 1 shaft. Hence 
the ve 'Jo city gradient for a flowing sys tern is not related to one for a 
stirred tank. 
The hydraulic parameters f 1 U, and D, are required to define the 
volumetric rate of energy dissipation and the vertical velocity dis-
tribution for a flowing stream. 
C. Deoxygenation Studies 
l. The deqxygenation response is not defined by decreasing mono-
molecular kinetics. Thi.s is true for both closed bottle systems and 
open turbulent systems. The results of the present research clearly 
indicate that the biological response to a substrate in dilute systems 
produces an autocatalytic growth curve and that biological growth is 
directly reflected in the oxygen uptake rates which are defined by 
increasing kinetics to the i nfl ecti on point in the oxygen uptake curve. 
The increasing rate consiants for this period are approximately ten 
times greater than the corresponding decreasing rate constants. A 
diphasic oxygen uptake occurs in a turbulent stream. 
2. Mixing in the range employed in the present research appears 
to have no effect on the biological kinetics in systems employin.g low 
substrate conceritrations such as exist in receiving streams and BOD 
bottles. Thus the biological response is independent of the reaeratton 
rate or degree of turbulence of the system for the range of turbulence 
found in natural streams. 
3. The oxygen uptake at the plateau is related to the initial 
substrate concentration. For both the open and closed systems employed 
in the present research, it was found that approximately 39 per cent of 
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the theoretical oxygen requirement had been exerted at the point of 
substrate depletion. Hence the percent oxygen uptake is independent of 
substrate concentration; however, the oxygen uptake rates.were related 
to substrate concentratioti, and hence were different for the open and 
closed systems. Also, the lag periods were longer for the bottle 
systems and the 5-day BOD values were significantly different for the 
open and closed systems. 
4. The critical reach of the receiving stream corresponds to the 
biological growth period which occurs during the removal of the exogen-
ous substrate. Even for low substrate concentrations the oxygen uptake 
rates during this period will cause a significant decrease in the 
oxygen content of the stream. The actual magnitude of the decrease in 
oxygen concentration will depend on the substrate concentration and the 
reaeraUon rate. The oxygen uptake rates which are exhibited after the 
removal of ·the exogenous substrate are much less in magnitude, and in 
themselves do not have a significant effect on the oxygen balance of·. 
the stream. 
5. Because of the variability and magnitude of the lag period in 
the BOD test, a short term test has no significance. 
6. Oxygen uptake in dilute systems was defined by kinetics 
similar to the. kinetics for biological growth, as proposed by Monad. 
Therefore, the oxygen uptake rate during the period of substr.ate utili-
zation is related to substrate concentration, and BOD data from diluted 
bottle systems are not applicable to receiving streams. If one is to 
determine the actual oxygen uptake rate and the true effect of a waste 
on a receiving strea111, the use of a system similar to the stirred tank 
employed in the current research is recommended. The open stirred 
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system can be operated to give the reaeration rate of -the receiving . 
stream and the true s~ream_ response _to· a waste can be ascertained. 
High Oxygen tension bottle systems such as were employed in experiment 
P ·of· the present research can be used. However, this procedure 
requires inte.nsive sampling to' obtain sufficient data for analy~e$. 
CHAPTER.VIII 
SUGGESTIONS FOR FUTURE WORK 
1. Since oxygen solubility is so important in the overall oxygen 
balance in receiving streams, additional research is needed to deter-
mine the difference in solubility when using an amperometric endpoint· 
and a visual starch endpoint. Statistical data are needed on the 
individual's ability to detect the starch endpoint. 
2. It appears that the velocity gradient, G, sufficiently defines 
turbulence to provide a means of correlating turbulence to the dimen-
sionless friction factor, f .. However, more data are needed where 
channel roughness is varied. Experiments could be designed to measure 
reaeration .under various roughness conditions in the simulated channel 
employed in the present research. 
3. Results of the present research indicate that oxygen uptake 
is related to substrate concentration. This relationship is defined 
to the inflection point in the growth curve by Monad kinetics. Addi-
tional research is warranted to elucidate the factors which influence 
the position of the inflection point in the oxygen uptake curve and to 
define the oxygen uptake curve beyond the inflect ion point. 
4. The effects of chlorination on the oxygen uptake in the 
receiving stream have not been determined. It is evident that the 
chlorine residual greatly reduces the biological population, but it is 
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not known how this affects the. new growth which must develop after the 
chlorine residual is exhausted. The nature of this new growth is what 
causes the oxygen depletion in the receiving stream, and at the present 
time the bioenvironmental engineer has not determined where this new 
growth will occur, and what substrate concentrations are involved in 
the oxygen uptake. 
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